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IMMUNOLOGICAL STUDIES IN MICE INFECTED WITH THE LARVAE 


OF ASCARIS LUMBRICOIDES. 


AND IMMUNIZING 


I. CRITERIA OF IMMUNITY 


-FFECT OF ISOLATED WORM TISSUES 


J. F. A. SPRENT* AND H. H. CHEN 
From the Department of Bacteriology and Parasitology, The University of Chicago 


It is known that following infection 
with Ascaris lumbricoides in man (Co- 
ventry and Taliaferro, 1928) antibodies 
can be detected in the serum by means 
of the precipitin or complement fixation 
reactions. Antibodies also occur in the 
serum of experimentally infected labora- 
tory mammals (Coventry, 1929) al- 
though the parasite never attains the 
adult stage in these hosts. In addition, 
acquired resistance to reinfection is con- 
ferred by repeated infection with ascaris 
larvae even when the parasite fails to 
attain maturity (Wagner, 1933; Roberts, 
1934; de Boer, 1935; Kerr, 1938; Baudet, 
1941; and Fallis, 1948). This condi- 
tion, according to Fallis, is due to an 
inhibiting effect on the migration of the 
larvae as shown by a diminution in the 
number of larvae which reaches the 
lungs and a retardation of the growth 
of the larvae. Taliaferro and Sarles 
(1939) demonstrated that acquired im- 
munity to Nippostrongylus muris in the 
rat depends largely upon precipitins 
formed against the secretions and ex- 
cretions of the worm. The actual precipi- 
tate was observed not only in vivo, but 
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in vitro (Sarles, 1938) and after passive 
immunization (Taliaferro and Sarles, 
1942). Similar precipitates were ob- 
served by Oliver-Gonzdlez against tri- 
china (1940) and ascaris (1943). 

Various isolated tissues of ascaris 
have been found to act as antigens 
(Canning, 1929; Campbell, 1936 and 
1937; Oliver-Gonzalez, 1944b, and 
1946a and b), and the body of the worm 
probably contains a multiplicity of 
antigens which may cause the formation 
of several immunolegically distinct anti- 
bodies in infected animals. Oliver- 
Gonzalez (1943) demonstrated that 
rabbit antiserums prepared against eggs 
or whole worm caused precipitates at the 
orifices of larvae in vitro, while the 
antiserums prepared against other tis- 
sues were not effective. However, it is 
possible that the antigens he used were 
not free from excretory products, espe- 
cially as he used fertilized eggs. 

The present experiments were devised 
in an attempt to locate the antigens in 
ascaris which are effective in resistance. 
Mice were subjected to passive and 
active immunization with different as- 
caris tissues and the effect on resistance 
estimated, as determined by migrations 
of the larvae in normal, reinfected and 
artifically immunized mice. 


METHODS 


Culture of ascaris eggs —Worms from pigs were 
used. They were removed from the distal third of 
the uterus by mincing uterine portions of several 
worms in the Waring blendor and were isolated 
by washing the material through a fine sieve. 
After settling, the eggs, in a small amount of 
water, were poured over granular animal char- 
coal and left at room temperature for 40 days. 
When they had been proved to be infective by a 
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mouse test, portions of them sufficient for im- 
mediate experiments were washed off the charcoal 
with water, and their number adjusted so that 
each cubic centimter contained 30,000 em- 
bryonated eggs. Eggs remained viable at 10 C in 
this way for several weeks. 

Infection of mice with ascaris eggs.—Mice were 
infected after starving them for 12 hours by feed- 
ing them ascaris eggs mixed with bread. They 
were kept in individual compartments, were fed a 
uniform and adequate diet and were from the 
same strain. 

Natural parasites as determined by the ex- 
amination of 24 normal mice included the 
nematode, Syphacia obvelata, the larval and adult 
forms of Hymenolepis nana var. fraterna and an 
occasional larval cestode in the mesenteric lymph 
nodes. The liver and lungs were free of parasites 
except for an occasional oxyurid larva in the 
lungs. 

Larval counts.—After killing a mouse by cut- 
ting off its head, organs in which iarvae were to be 
counted were placed in saline and minced for 30 
seconds in the Waring blendor. A drop of octyl 
alcohol dispersed the foam, and the resulting tis- 
sue suspension was kept at 5 C. It was stirred 
after several hours and was then allowed to settle 
for 12 hours. The whole of the sediment in a 
volume of 10 cc was thoroughly shaken and 0.5 
cc of 40% formaldehyde was added. Such organ 
suspensions, tightly corked, could be kept as 
permanent specimens. Suspensions of the ali- 
mentary tract separated on standing into a sedi- 
ment at the bottom and a mass at the top of the 
suspension; both fractions were retained sepa- 
rately. 

lo count and measure larvae, 0.3 cc of material 
was drawn into a 1 cc graduated pipette whose 
end had been cut off at the 0.9 cc mark, and the 
last 0.1 cc to enter the pipette was immediately 
placed on a slide and a coverslip applied. Larvae 
on the entire slide of 8 such preparations were 
counted with the 16 mm objective, and the num- 
ber in the whole organ was obtained by an aver- 
age. Measurements were made on 10-50 larvae 
from each organ. 

Histological technique.—Tissues were fixed in 
Zenker-formol, embedded in _ celloidin 
stained with hematoxylin-eosin-azure. 

Preparation of antigens.—Different organs of 
the adult female ascaris were dissected out under 
approximately aseptic conditions. After washing 
in water, a given organ was minced in the Waring 
blendor. The mixture was dried in the lyophilizing 
apparatus described by Campbell (1944) and 
stored in vacuo over calcium chloride. Antigen 
was also similarly prepared from the saline in 
which worms had been living for 12 hours at 37 


and 
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C. One per cent suspensions of organs in saline 
and of whole worms in distilled water were 
ground in a homogenizer (Potter and Elvehjem, 
1936) until there were no visible particles. Such 
suspensions were left for one hour at 37 C, were 
stored overnight at 10 C and were injected as 
such intraperitoneally. Only the supernatant 
fluids were injected intravenously. Egg extract 
for experiment 14 was obtained by washing em- 
bryonated eggs first in 2% formaldehyde and then 
in sterile saline, grinding the eggs in a homo- 
genizer and using the supernatant fluid. 

Preparation of antiserums.—Five cc of a 1% 
suspension of each ascaris tissue was injected 
intraperitoneally into rabbits 4 times at 4 day 
intervals. The serums were obtained by bleeding 
from the heart when the precipitin titer was 
high. 

Estimation of antibody content.—Precipitin 
tests were performed by diluting the antigen in 
series, and the titer was expressed as the highest 
dilution of antigen at which a ring was observed 
at the interface. 


EXPERIMENTAL 


Initial infection 


Experiment 1.—Forty mice weighing 10 to 15 g 
and 16 mice weighing 35 to 40 g were infected 
with 30,000 larvae and were killed in batches of 2 
to 5 daily up to 8 days after infection. In addition, 
8 mice infected with 100,000 larvae were killed at 
daily intervals for 8 days. 

Experiment 2.—Thirty-four mice were infected 
with 30,000 larvae and 3 mice were given 200,000, 
400,000 and 800,000 larvae. All were killed after 8 
days. 

Experiment 3.—Eight mice were infected with 
30,000 eggs and groups of 2 mice were killed at 1, 
2, 3and 4 weeks after infection. 

The larvae in the alimentary tract, liver and 
lungs were counted and measured in the mice in 
experiments 1 and 2 and the inflammatory reac- 
tions were studied in the liver and lungs of the 
mice of experiments 1 and 3 and in 20% of those 
in experiment 2. 


A. Course of migration.—Larvae were 
not found in the intestinal wall after two 
days. They were found in the liver in 
increasing numbers for 5 days and, con- 
sequent upon their migration to the 
lungs, were found in decreasing numbers 
for the following three days as may be 
seen by the averages in figure 1. In the 
lungs the number increased from the 4th 
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to the 6th day and then declined as the 
larvae left for the intestine. In general, 
the number of larvae recovered from the 
liver and lungs at 8 days varied con- 
siderably. In those given 30,000 eggs, 
the average number in the liver was 66 
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then began to decline (fig. 2). At 8 days 
except for one mouse, it was 0.24+0.02 
(table 1 and fig. 1) for the mice receiving 
30,000 larvae, and varied only between 
0.2 and 0.3 for the mice receiving larger 
doses of eggs. It was inexplicably 0.9 in 
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Fic. 1.—Distribution of ascaris larvae in the liver and lungs of mice during primary infection and 


after several reinfections. 


with a range of 0-350 and in the lungs 
was 130 with a range of 20-620. On the 
other hand, the relationship between the 
number of larvae in the liver and lungs 
was fairly constant in all mice killed at 
the same time after infection. It is 
expressed as the “‘liver ratio,” i.e., the 
number of larvae counted in the liver 
divided by the total number of larvae 
counted in both liver and lungs. This 
ratio remained high for the first 5 days, 


the one exception. Mice of different 
weights showed no significant difference 
in the larval-counts, larval size or liver 
ratios. 

B. Growth of larvae.—The size of the 
larvae obtained in the liver and lungs 
on consecutive days after infection is 
shown in figure 3 and table 1. 

C. Inflammatory reaction.—The liver 
ratios throughout primary infection 
indicated that the mouse is not able to 
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TABLE 1.—Means with standard errors of liver 
ratios and length of larvae in the liver and 
lungs of mice during primary infection 
and after several reinfections (3-4 
previous infections). All mice 
were given 30,000 to 50,000 
eggs and killed after 8 days. 





Liver 
ratio 


Length of larvae in mm 





Liver 


Lungs 


Primary infection 


(40 mice) 0.24+0.02 1.08+0.04 1.18+0.04 


Reinfection 
(16 mice) 0.75+0.04 0.554+0.03 0.55+0.03 





inhibit the progress of the larvae from 
the liver to the lungs. This observation 
was substantiated by histological exami- 
nation of the mice in experiments 1, 2 
and 3. The larvae lay freely in the tis- 
sues, unassociated with any local ac- 
cumulation of inflammatory cells. The 
paths of their migrations in the liver 
were discernible as tortuous areas in 
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which the hepatic cells were necrotic 
and a few heterophils had collected (fig. 
5). Larvae were usually not found in 
such areas. In the lungs larvae were 
first observed on the third day and were 
associated with intraalveolar hemor- 
rhage, damage to the alveolar walls and 
the infiltration of heterophils and lym- 
phocytes, but were not observed within 
a cluster of inflammatory cells. At the 
5th day, larvae were observed in the 
bronchi. The walls of the peribronchial 
blood vessels were often considerably 
altered, especially when marked peri- 
bronchial infiltration had occurred. They 
were thickened, had lost their cellular 
structure and the luminal surfaces were 
irregular. 

At 8 days, in 17 of 20 mice, typical 
necrotic foci indicated that the larvae 
had migrated through the liver to the 
lungs. Of 75 larvae found in these livers, 
70 were not associated with any accumu- 





' 


4 


oe 
5 


DAYS 


Fic. 2.— 


~The liver ratio, i.e., the number of ascaris larvae in the liver divided by the number in the 


liver and lungs, in mice during primary infection and after several reinfections. 
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lation of inflammatory cells (fig. 9). 
Similarly, of 268 larvae found in the 
lungs, 265 were free of inflammatory 
cells (fig. 10) although infiltrations of 
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weeks larvae were no longer detectable 
in the liver and that the foci were gradu- 
ally filled with lymphoid cells and fibro- 
blasts. In the lungs, even after 4 weeks, 


LUNG 





lymphocytes and heterophil and eosino- 
phil leucocytes occurred in the _peri- 
bronchial and _ periportal connective 
tissue of many mice. Eosinophils were 
usually relatively scarce in the liver and 
lungs and were not prominent in the 
inflammatory reaction. 

Experiment 3 showed that after two 
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Fic. 3.—Growth of ascaris larvae in the liver and lungs of mice during primary infection and after 
several reinfections. 


the alveolar walls were still thickened by 
large numbers of septal cells. 

The kidneys of 4 heavily infected 
mice, killed at the 8th day of infection, 
did not show any degenerative changes. 
In some cases, the spleen, mesenteric 
lymph nodes and sternal bone marrow 
showed more eosinophils than in normal 
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tissues. These were produced locally as 
indicated by the presence of eosinophil 
myelocytes and immature leucocytes. 
In some mice, ascaris larvae were ob- 
served in the spleen and mesenteric 
lymph nodes. They were surrounded by 
eosinophils in the same way as was 
observed in the livers of reinfected mice. 
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However, it may be stated here that 
only a very small percentage of the 
larvae succeed in penetrating the intes- 
tinal wall and reaching the liver. Having 
entered the parenchyma of the liver 
from the portal vessels, the larvae push 
their way through the parenchyma, 
causing only a small amount of hemor- 


INFECTION 
INFECTION 
INFECTION 
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Fic. 4. 
infections. 


Differential leucocyte counts of the 
tail blood of all the mice made at the 
time of death indicated that the per- 
centage of eosinophils varied from 0 to 
22% (fig. 4). 

, The sequence of events during initial 
infection in mice may be summarized as 
follows: The hatching of ascaris eggs 
and their fate in the intestinal tract will 
be considered in a later publication. 


-Per cent of eosinophils in the blood of mice during primary infection and after several re- 


rhage, but leaving tracks of dying liver 
cells. These become infiltrated with 
spherical abscess-like foci of heterophils. 
As such areas seldom contain larvae, 
they evidently occur in the wake of 
and offer no hindrance to the larvae. 
The foci become secondarily infiltrated 
with lymphocytes which undergo a 
change into macrophages, as evidenced 
by the presence of medium polyblasts, 
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and finally become fibroblasts. In this 
way the dead liver cells are removed and 
a scar is left. After growth in the liver, 
the larvae pass on to the lungs. In the 
lungs, larvae presumably break through 
the septal blood vessels, causing hemor- 
rhage, and are associated with the 
infiltration of heterophils and lympho- 
cytes and the mobilization of septal 
cells. These cells, as in the liver, seem 
not to hinder the progress of the larvae. 
Macrophages occur in large numbers 
during late stages of inflammation. 
Some contain erythrocytes and others 
dark brown granules. Encapsulation of 
the larvae by inflammatory cells is rare 
and eosinophils are scarce. 

The unhindered progress of the larvae 
explains the observation that the liver 
ratio falls from about 0.9 on the 5th day 
to 0.5 by the 8th day, regardless of the 
weight of the mouse, dose of eggs or 
intensity of the infection. 


Reinfection 

Experiment 4.—Sixteen mice weighing 11 g 
were given three infections at 8-day intervals of 
25,000, 15,000 and 15,000 eggs, respectively. 
Eight days later, they received a test infection of 
30,000 eggs and were killed in pairs daily for 8 
days. 

Experiment 5.—Twenty-four mice weighing 
15-20 g, 7 days after being infected 4 times with 
15,000 eggs at 7-day intervals, were given a 
test dose of 50,000 eggs. Six were killed in pairs 
after 5, 6 and 7 days and the rest after 8 days. 
Four mice died during the experiment. 

Experiment 6.—Five pairs of mice weighing 14— 
18 g were given 1-5 weekly reinfections of 30,000 
ascaris eggs, respectively, and were killed 8 days 
after a test infection of 30,000 eggs. Four pairs of 
control mice were given only the test infection. 
Data were collected as for the initial infections. 


A. Course of migration.—No larvae 
were found on the intestinal wall of 
reinfected mice after the first day. This 
fact together with the high larval counts 
in the liver makes it appear likely that 
the mechanism of immunity does not 
operate in the intestine. 

Figure 1 shows the comparison be- 
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tween the distribution of the larvae in 
the liver and lungs of primarily infected 
mice and of the reinfected mice in ex- 
periments 4 and 5. Although the num- 
ber of larvae which reached the liver 
was not significantly different, the 
number which reached the lungs was 
significantly less in the reinfected mice. 
For this reason the liver ratio remained 
higher (fig. 2 and table 1). In both infec- 
ted and reinfected mice, the number of 
larvae in the liver fell, but the decline 
was probably due to different causes. 
In primarily infected mice larvae mi- 
grated from the liver to the lungs, where- 
as in reinfected mice many larvae were 
evidently destroyed in the liver. 

The results of experiment 6 showed 
that the liver ratio was above 0.75 on 
the 8th day of a test infection following 
two or more previous infections, as 
compared to 0.25 in the mice given one 
or two infections. 

B. Growth of the larvae-—From the 


growth curve of the larvae in figure 3, it 
is apparent that the retarding influence 


of the immunological processes was 
detectable at 4 days after the test 
reinfection. The length of the larvae 
at 8 days was significantly smaller in 
the reinfected as compared to initially 
infected mice (table 1). 

C. Inflammatory reaction.—The his- 
tological findings confirmed the indi- 
cations given by the liver ratio that the 
livers of reinfected mice possessed the 
capacity to hinder the progress of the 
larvae. Larvae were encapsulated within 
a mass of inflammatory cells (fig. 11, 12 
and 13) in all but one mouse. Although 
some disintegrated larvae may possibly 
have represented remains of previous 
infections (see exp. 3), others, because 
of their size and condition, were ob- 
viously from the test infection. 

Sections of spleen, sternal bone mar- 
row and mesenteric lymph nodes of 5 
reinfected mice killed between 5 and 8 
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days after the last infection all showed a 
marked increase of eosinophils. 

In experiments 4 and 6, differential 
leucocyte counts were made on the mice 
at the time they were killed and the 
average eosinophil percentage of the 
test reinfection is shown in figure 4. 
Eosinophils were definitely more numer- 
ous in the reinfected than in the initially 
infected mice, especially for the first 
6 days. 

The probable sequence of events in 
reinfected mice was as follows: The 
larvae enter the liver parenchyma, dam- 
age liver cells and are frequently located 
in a mass of heterophils and eosinophils 
(fig. 11). They can evidently free them- 
selves at times from the leucocytes 
because they were occasionally found 
with only part of their bodies encased in 
leucocytes or a short distance from a 
focus of cells, while foci of cells some- 
times did not contain larvae. Possibly 
each larva is responsible for a consider- 
able number of foci. The movement of 
the larvae may actually be retarded by 
the precipitation of antibody at their 
orifices. Thus, although undoubted pre- 
cipitate was only observed at the oral 
opening of one larvae in the sections, 
it was seen in vitro at the oral opening of 
larvae from mice killed 7 days after the 
test infection. The most characteristic 
lesion in the reinfected 


mice was a 


spherical cluster of cells usually com- 
posed of an outer zone of heterophils, 
lymphocytes and eosinophils and an 
inner zone of densely packed eosinophils 
whose nuclei were considerably denser in 
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structure than those in the outer zone 
(fig. 12 and 13). Many of the clusters 
contained a multinucleate giant cell 
which appears to be derived from macro- 
phages. At the periphery of the focus, 
fibroblasts occur and the lesion eventu- 
ally becomes a blue-staining scar (fig. 
13). Another characteristic feature of 
these sections is the intense eosinophil 
and myelocyte infiltration of the peri- 
portal tissues (fig. 7). 

Larvae did not occur in lung sections of 
the reinfected mice, but inflammatory 
reactions, presumably from previous 
infections, consist of heterophils, eosino- 
phils and large numbers of macrophages. 
In addition, the peribronchial tissues 
are infiltrated, especially with eosino- 
phils (fig. 8). 


Active and passive immunization 


To test the effect on resistance of 
different ascaris antigens and anti- 
ascaris serums, 8 series of mice, after the 
appropriate immunizing process, were 
given test infections of ascaris eggs and 
killed 8 days later. The presence or 
absence of immunity was estimated 
with respect to liver ratio, length of 
larvae and larval encapsulation. The 
tissues and antiserums (except in experi- 
ment 14) were the same as those used in 
another publication (Sprent, in press). 
In that report, the tissues were demon- 
strated to be antigenic and the precipi- 
tine titers of the antiserums varied 
between 1:9000 and 1:16,000. The 
titers for the antiserums in experiment 
14 were 1:10,000 except for the egg 





Fic. 5 and 6. 


Liver and lungs of mice 8 days after primary infection with 30,000 eggs showing 


areas of necrosis in the liver and hemorrhage in the lungs. Note the small amount of inflammatory 


reaction. 70. 
Fic. 7 and 8. 


Liver and lungs of mice 8 days after the fourth infection (30,000 eggs). Note the in- 


filtration of inflammatory cells, alsoscarcity of necrotic lesions in the liver and absence of hemorrhage 


in lungs. X70. 
Fic. 9and 10. 


Larvae in the liver and lungs of mice 8 days after primary infection with 30,000 eggs. 


Note the absence of encapsulation by inflammatory cells. At the right hand side of figure 9 is a typical 
necrotic lesion containing heterophils which the larva has probably recently vacated. X400. 
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extract antiserum which showed no 
antibodies. 


A. Active immunization.—Experiment 7.—As- 
caris cuticle, body fluid, intestine, ovary, muscle 
and whole worm in one half cc amounts of a 1% 
suspension were each administered to one mouse, 
weighing 25-35 g, 4 times at intervals of 4, 7 and 
24 days. The first two doses were intravenous and 
the last two intraperitoneal. Seven days after the 
last injection the mice were given 100,000 eggs. 

Experiment 8.—One half cc of each of the 
ascaris suspensions used in experiment 7 was 
given intraperitoneally to groups of two mice, 
weighing 14-20 g, 4 times at 4 day intervals. 
Eight days later the mice were given 30,000 eggs. 

Experiment 9.-This experiment was similar to 
experiment 8 except that the mice weighed 20 
25 g. In addition, 4 mice received one half cc of 
a solution of the excretory products of adult 
ascaris, and two mice received one half cc of em- 
bryonated ascaris egg extract at the same in- 
tervals. 

B. Passive Immunization.—Experiment 10.— 
Rabbit entiserums, prepared with cuticle, 
muscle, intestine, ovary, body fluid and whole 
worm, were given in 4 doses to groups of two 
mice weighing 10-15 g. Two intravenous injec- 
tions of 0.5 cc were given at two days and one 
day before infection with 100,000 eggs, and two 
intraperitoneal injections of 0.5 cc were given at 
2 and 4 days after infection. 

Experiment 11.--The same antiserums were 
given to groups of 2 mice in 4 doses of 0.5 ce in- 
traperitoneally at 6, 4 and 2 days before infection 
with 30,000 eggs and at 3 days after infection. 

Experiment 12.—This experiment was similar 
to experiment 11 except that the mice weighed 
20-25 g, and the serums were given at 2, 4 and 6 
days after infection with 30,000 eggs. 

Experiment 13.—This experiment was similar 
to experiment 11 except that antiserums were 
given two and one day before infection with 
30,000 eggs and one and two days after infection. 


Fic. 11, 12 and 13.—-Larvae in the liver of mice 
8 days after the fourth infection (30,000 eggs). In 
figure 11, the larva is surrounded by a mass of 
heterophils and eosinophils; in figure 12, lympho- 
cytes and polyblasts are also present and the 
larva has begun to disintegrate; in figure 13 a 
zone of fibroblasts is present at the periphery of 
the nodule and the larva is almost completely 
disintegrated. X400. 
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Experiment 14.—This experiment was similar 
to experiment 11 except that antiserums from 
different rabbits were used, and included anti- 
serums prepared against the metabolic products 
of the adult worm and against the egg extract. 


All mice in experiments 8 through 14 
were killed 8 days after their test infec- 
tion. Larvae in the livers and lungs of all 
mice were counted and measured and 
sections of their livers examined. 

The results in table 2 show that none 
of these antigens or antiserums con- 
sistently instigated an immune reaction 
in the mice. Nearly all sections showed 
reactions typical of the nonimmune 
mouse: i.e., the larvae were free and 
lesions involved heterophil infiltrations. 
A few exceptions occurred. Among the 
actively immunized mice, one of those 
given whole worm extract and one of 
those given metabolic product extracts 
showed encapsulation of the larvae. 
Among the passively immunized mice, 
one given whole worm antiserum, two 


given intestine antiserum and one given 
metabolic product antiserum showed 
some encapsulated larvae. 


DISCUSSION 

The object of these experiments was 
to discover whether any of the tissues 
and fluids of ascaris cause the production 
of antibodies which are effective in 
immunity. For this work, it was neces- 
sary to devise methods for the esti- 
mation of immunity in an unnatural 
host, the mouse. 

In investigating immunity against 
ascaris in its natural host, an estimation 
of immunity can be made by comparing 
the number of worms which succeed in 
reaching their final destination under 
various conditions, as reported by 
Roberts (1934) and de Boer (1935). 
Such comparisons may be supplemented 
by observations on the growth and egg- 
laying capacity of the adult worms. In 
experimental ascariasis of rodents, how- 
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ever, in which the life cycle is not com- 
pleted, the estimation of immunity is 
more complicated and the element of 


TABLE 2.—Various data from mice, 8 days 
after artificial immunization with whole 
worm, tissue or metabolic products 
of ascaris. 


"Number 


of mice 
showing Number 


encaps ct mice, 
sulation er 
of larvae 


Length 
of larvae 
in mm 


Liver 


Antigen ratio 





Active immunization 
Cuticle 
Body fluid 
Ovary 
Intestine 





Muscle 

Whole worm 

Metabolic 
products 


: 1.2 
Egg extract ; 1.1 





Passive Immunization 


Cuticle 1. 
Body fluid > 
Ovary .. 0 
Intestine , . 2 
Muscle ‘ 1. 0 
0. 
0. 





0 
0 


Whole worm 1 
Metabolic 
products 1 1 


* Some mice died before the 8th day after infection and 
could not be included in the results. 


time is important because any immune 
reaction of the host has to act on larvae 
as they move from the intestine to the 
lung. The significance of larval counts in 
estimating immunity, therefore, de- 
pends to a considerable extent on the 
time after infection at which they were 
made. 

Several methods have been used to 
detect immunity in ascaris infection in 
rodents. Normal and reinfected animals 
have been compared as follows: by 
larvae counts from their organs (Wag- 
ner, 1933), by the lesions in the liver and 
lungs (Fallis, 1948), and by survival 
following a computed lethal dose of 
eggs (Kerr, 1938; Baudet, 1941). While 
such comparisons may be valid indica- 
tions of immunity and were used suc- 
cessfully to demonstrate immunity fol- 
lowing repeated infection, they are 
probably not critical enough to detect 
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whether or not any immunity is pro- 
duced by artificial immunization. Kerr 
(1938) and Fallis (1948) failed to de- 
tect any immunity following the par- 
enteral injection of ascaris extracts. 
Wagner (1933) claimed that oral ad- 
ministration of powdered whole worms 
instigated immunity, but his claim was 
based on larval counts on only three 
mice. It has been observed (unpub- 
lished results) that only a small number 
of larvae, out of the number ingested as 
eggs, succeed in penetrating the in- 
testinal wall and migrating through the 
body, and that a considerable varia- 
tion in the number of migrating larvae 
occurs in normal animals. Hence, to be 
effective, the above methods must in- 
volve a large number of experimental 
animals. Moreover, for the estimation 
of artificial immunity some more pre- 
cise measurement is necessary. 

In the methods we devised, an attempt 
was made to measure hindrance to the 
migratory activity in the intestine and 
liver irrespective of the number of 
larvae involved. The degree of liver 
retention, as measured by dividing the 
number of larvae recovered from the 
liver by the total number recovered from 
the liver and lungs, proved to be a 
satisfactory criterion of immunity. This 
“liver ratio’ was fairly constant for any 
one day after infection in different mice, 
whereas the total counts of larvae from 
the two organs varied considerably. 
Moreover, the characteristic decrease 
which occurred in the “‘liver ratio’’ of 
mice infected for the first time toward 
the end of the migratory phase and 
which corresponded with the movement 
of the larvae from the liver to the lungs, 
failed to occur in mice immunized by 
reinfection. 

The growth of the larvae furnished a 
further criterion of immunity because 
growth was inhibited in immune mice. 
Previously, Wagner (1933) failed to 
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discover any difference in the size of 
larvae in mice because of immunity, but 
Fallis (1948) detected a difference in 
the young larvae in guinea pigs although 
the larvae eventually attained the same 
size in immune and nonimmune animals. 

Histological evidence of inflammation 
and encapsulation of larvae in the liver 
were also found to be an evidence of 
immunity as pointed out by Kerr (1938). 
Roberts (1934), on the other hand, 
considered that the greatest mobilization 
of cytological resisting forces occurred 
in the wall of the intestine. 

Eosinophils, though variable in num- 
ber, were in general more numerous in 
immune than in nonimmune mice in the 
present experiments, not only because 
they were abundant among the cells 
surrounding the larvae, but because they 
were also more numerous in the peri- 
portal and peribronchial tissues. They 
were also more abundant in the cir- 
culating blood, particularly in the early 
stages of the last of a series of reinfec- 
tions. This distinction between immune 
and nonimmune animals was not ap- 
parent from the work of Blackie (1930), 
Roberts (1934), Kerr (1938) and Old- 
ham and White (1944), although Had- 
wen (1925) and Fallis (1948) attrib- 
uted to eosinophils an immunological 
significance. Since the function of eosino- 
phils is at present unknown, it is suffi- 
cient to point out that they appear to be 
associated with encapsulation of the 
larvae and not with the lesions caused by 
the larvae, that their presence does not 
necessarily indicate the union of antigen 
and antibody, and that they per se do 
not seem to be destructive to the larvae. 
Their occurrence suggests rather that 
they collect wherever larvae die, irre- 
spective of the cause of death. 

Using the criteria of the “‘liver ratio,” 
growth of the larvae and inflammatory 
reactions in the liver and lungs as a 
measure of immunity, it was found that 
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the substances obtained from the body 
of ascaris and homologous rabbit anti- 
serums were not consistently effective in 
instigating immunity. From these re- 
sults and those of previous investigators, 
as reviewed in the introduction, it is 
evident that while the different anatomi- 
cal components of ascaris contain speci- 
fic antigen fractions and homologous 
antibodies appear in the serum of in- 
fected animals, they are not functional 
in immunity when administered by the 
methods described in this paper. 

It has been suggested by several 
workers in this field that antigens 
functional in immunity are present in 
the metabolic products of the parasite. 
This is probably true for the following 
reasons: (1) Such excreted substances 
would come into intimate contact with 
the tissues of the host. (2) Precipitates 
occur at the orifices of the larvae. (3) 
The most striking instances of artificial 
immunity to worms, i.e., to larval 
cestodes, have been obtained by prepa- 
rations which probably contain meta- 
bolic products. In the present work two 
kinds of metabolic products were ob- 
tained, that occurring in saline in which 
adult ascaris worms had been living and 
that occurring in ground embryonated 
ascaris eggs. The first was shown to be 
precipitinogenic in rabbits, but the latter 
was not precipitinogenic in rabbits and 
no antiserum could be obtained. For 
this reason, it was to be expected that 
the egg extract would give negative 
results in mice. Results with 
materials inconclusive 
only one of four such mice actively 
immunized with metabolic products 
contained encapsulated larvae. One of 
two mice passively immunized with the 
material showed a high liver ratio, a 
larval length than normal and 
encapsulation of larvae. The other mouse 


these 


were because 


less 


died during an early stage of infection. 
Experiments are in progress by which 
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it is hoped that the metabolic products 
of the larval and adult ascaris will be 
obtained in amounts sufficient to analyze 
them and to prove whether or not they 
are effective in instigating immunity. 
CONCLUSIONS 

Several criteria were devised to detect 
immunity in white mice against the 
larvae of A. lumbricoides from the pig. 
These were a “‘liver ratio,” i.e., the 
number of larvae in the liver divided by 
the number in the liver and lungs, 
measurements of the larvae in the liver 
and lungs and histological reactions in 
the liver and lungs. 

During initial infection in mice, the 
liver ratio was high for 5 days and 
decreased to a low figure by the &th day 
because of the migration of larvae from 
the liver to the lungs, regardless of the 
magnitude of the infection or weight of 
the mouse. The larvae were large in 
size and cellular encapsulation of larvae 
was rare. 

During a test reinfection in mice im- 
munized by repeated infection, the liver 
ratio remained high for 8 days because 
the larvae did not migrate to the lungs, 
the larvae were significantly small, and 
cellular encapsulation often occurred 
and consisted of accumulations of in- 
flammatory cells such as_ heterophils, 
lymphocytes, macrophages and eosino- 
phils. 

By the criteria devised, no immunity 
was consistently produced by active or 
passive immunization of mice with whole 
worm or isolated tissues of the worm. 
These antigenic substances, therefore, 
are evidently not functional in immunity 
to infection. Inconclusive results were 
obtained by active and passive im- 
munization with metabolic products of 
the worm. 
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The agents of the psittacosis-lympho- 
granuloma group are especially well 
suited for microscopic studies because of 
their relatively large size and their de- 
velopmental cycles. Several investiga- 
tors have studied some of these devel- 
opmental cycles and the relationship of 
the organisms to the cellular elements 
of the tissues. 

As early as 1907 Halberstaedter and 
von Prowazek (1907a and b) described 
a developmental cycle for the agent of 
trachoma from Giesma stained impres- 
sion smears derived from patients and 
higher apes. The cycle began with small 
blue inclusions in the cytoplasm of 
apparently normal epithelial cells. The 
inclusions increased in size and later 
contained small red granules—elemen- 
tary bodies. These multiplied rapidly, 
separated the blue masses into individual 
islands and pushed them towards the 
periphery. The red granules were inter- 
preted as the parasitic elements and the 
blue masses as the reaction of the host 
cell. Lindner (1909, 1910a and b) intro- 
duced the term “‘initial body.’’ He based 
his observations on tissue sections 
stained by his own procedure, which 
gave a better contrast than Giemsa 
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stain. In the blue masses he was able to 
detect azurophilic granules—the initial 
bodies—which were somewhat larger 
than the central eosinophilic dots. The 
blue granules divided and eventually 
turned into red granules until only a 
single layer of initial bodies remained 
at the periphery. Thus, Lindner indi- 
cated that both azurophilic and eosino- 
philic components were of parasitic 
origin. 

The life cycle of the agent of psittaco- 
sis in the mouse and in tissue cultures 
was described by Bedson (1933), Bed- 
son and Bland (1932 and 1934), and 
Bland and Canti (1935). They de- 
tected intracytoplasmic homogeneous 
‘“‘plaques”’ which were similar to inclu- 
sion bodies of other viruses except that 
they were basophilic instead of eosino- 
philic. In slides stained by Giemsa’s 
method but strongly decolorized with 
acetone, the plaques appeared to consist 
of a dense matrix and a number of lilac- 
colored bodies approaching 1 y in size. 
As the structures grew in size, the matrix 
stained less intensely and the individual 
granules became apparent even in ordi- 
nary slides. In later stages the individual 
granules became gradually smaller, and 
48 to 72 hours after infection they were 
the size of elementary bodies. Bland and 
Canti (1935) believed that the virus only 
multiplied by means of this develop- 
mental cycle. Levinthal (1935) and 
Yanamura and Meyer (1941) confirmed 
most of the observations made by Bed- 
son, Bland, and Canti, but believed that 
this virus could also multiply without 
the formation of plaques. 

The life cycle of the agent of lympho- 
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granuloma venereum was described in 
great detail by Rake and Jones (1942) 
from sections and smears of infected 
yolk sacs. Ten to 12 hours after the in- 
oculation of elementary bodies, initial 
bodies appeared and divided into gran- 
ules. The granules, after increasing in 
size, gave rise to plaques which were 
contained in a vesicle with a lightly 
staining matrix. The plaques broke up 
and gave rise to elementary bodies. 
Eventually, the vesicle itself broke up 
and elementary bodies were released, 
which in turn started a new cycle. 

Karr (1943) studied the properties of 
the agent of mouse pneumonitis and de- 
scribed inclusion bodies strikingly simi- 
lar to those of psittacosis and lympho- 
granuloma venereum viruses. Mouse 
pneumonitis vesicles were also seen by 
Rake and Jones (1944) and Furth and 
De Gara (1944). Gordon (1946) recog- 
nized that mouse pneumonitis virus 
was undergoing a cycle similar to that 
of other members of the group. 

Although no one has undertaken a de- 
tailed study of the morphology of other 
viruses of this group, some of the chief 
characteristics have been seen by several 
investigators. For example, Pinkerton 
and Moragues (1942) in studying the 
agent of meningopneumonitis found it 
almost identical to psittacosis virus but 
somewhat different from lymphogranu- 
loma venereum. Recently, studies of the 
initial body have been made using the 
electron microscope. Kurotchkin et al. 
(1947) suggested that initial bodies were 
the result of a cellular coating of ele- 
mentary bodies. Rake (1947), however, 
found good evidence for his belief that 
initial bodies were not the product of a 
cellular reaction, but represented an 
authentic stage in the life cycle of the 
infectious agents. 


From all histological studies it appears 
that the agents of this group do not 
possess a high degree of cellular speci- 
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ficity. Yanamura and Meyer (1941) 
found that psittacosis virus in chick em- 
bryo tissue cultures showed an early 
preference for mesenchymal cells but 
later invaded and multiplied in the most 
readily available cells, including epithe- 
lial cells. This virus was seen in epithelial 
cells by Burnet and Rountree (1935) and 
Burnet and Foley (1941) in infections of 
the chorioallantoic membrane and of the 
respiratory tract of chick embryos. 
Lymphogranuloma venereum virus was 
described in the entodermal cells of the 
yolk sac by Rake and Jones (1942). In 
mammalian livers and spleens, viral 
agents of this group were usually seen 
in Kupffer cells or in cells defined as 
large mononuclears (Rivers, Berry, and 
Sprunt, 1931; Tornack, 1941; Hamre 
and Rake, 1944; Rake and Jones, 1944). 
In the lung, they were found in cells 
described as inflammatory mononu- 
clears, fixed septal cells, alveolar lining 
cells, or epithelial cells of the bron- 
chioles (Hornus, 1940; Rudd and Bur- 
net, 1941; Shaffer, Rake, and McKee, 
1944; Baker, 1944; Binford and Hauser, 
1944: Fite, Larson, and Olson, 1946). 

Extracelluiar forms, which were often 
seen in smears (Lindner, 1910a; Nauck 
and Malamos, 1937; Karr, 1943; Nigg 
and Eaton, 1944), were believed to be 
due to the tearing of cells in the process 
of preparing the smears. Extracellular 
elementary bodies in sections were be- 
lieved to have been unsuccessful in in- 
vading cells (Bland and Canti, 1935) or 
to have just been released from bursting 
vesicles (Hornus, 1940; Rake and Jones, 
1942; Karr, 1943). Other extracellular 
structures were so rarely seen in sections 
that no special attention was paid to 
them. Lindner (1910a) was the only one 
to emphasize that initial bodies were 
also found between cells. 

Bland and Canti (1935), Yanamura 
and Meyer (1941), and Rake and Jones 
(1942) emphasized that the agents of 
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psittacosis and lymphogranuloma ve- 
nereum developed only in the cytoplasm 
of cells. This appears to be the view 
generally accepted by investigators of 
the histological aspects of these agents. 
The present research was prompted 
by the growing feeling among investiga- 
tors that the agents of the psittacosis- 
lymphogranuloma group are not true 
viruses, and that, because of their sus- 
ceptibility to sulfonamides and anti- 
biotics, extracellular phases are present 
in their developmental cycles (Francis, 
1947; Eaton et al. 1948). Furthermore, 
the histological aspects of this group of 
agents, especially of recently added 
members, have not been systematically 
studied. The chief purpose of this work 
has been to determine the relationship 
of different stages of the life cycles of 
three members of this group to the cellu- 
lar elements of the tissues. A secondary 
goal has been to ascertain to what ex- 
tent morphological differences can be 
used as an aid in their classification. 


MATERIALS AND METHODS 


Three representative viruses,* mouse pneu- 
monitis, feline pneumonitis, and meningopneu- 
monitis, were studied because they have been 
clearly proved to be separate entities (Hilleman, 
1945; St. John and Gordon, 1947). They were 
studied in greatest detail in mouse lungs, but 
were also studied in hamster lungs, yolk sacs and 
chorioallantoic membranes of developing chick 
embryos, and mouse brains. 

The strains used were as follows: mouse pneu- 
monitis (Chicago), feline pneumonitis (Baker), 
and meningopneumonitis (MP-F97). They were 
previously used by Hilleman (1945), who de- 
scribed their origin, and by St. John and Gordon 
(1947). Near the termination of the work, all 
viruses were reidentified by serum neutralization 
tests. 

Virus pools for the inoculation of mice and 
hamsters were prepared from the lungs of mice 
previously inoculated intranasally with ap- 
propriate dilutions of virus. The lungs were 


* The agents of the psittacosis-lymphogranu- 
loma group will continue to be called “viruses” 
for convenience. 
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harvested and ground by means of a mortar and 
pestle with powdered glass, and veal infusion 
broth was added to make 20 to 30% emulsions. 
After the resulting emulsions were lightly centri- 
fuged, supernatant fluids were divided into 
several parts and stored in the dry-ice box. They 
were tested for infectivity by the intranasal in- 
oculation of 0.03 ml into each of 6 mice. The un- 
diluted emulsions killed the majority of mice 
within two or three days. Adequate dilutions 
were subsequently made to obtain the severity of 
infection desired. For example, a 20% emulsion 
was used for animals sacrificed within one or two 
days, a 2% emulsion for animals sacrificed within 
4 days, and so forth. A mild infection of mouse 
pneumonitis virus was also obtained by inoculat- 
ing a mixture of concentrated virus and immune 
rooster serum. The rooster immune serums were 
prepared in Dr. Gordon's laboratory. Pools for 
the inoculation of embryonated eggs were pre- 
pared from ground yolk sacs in the case of mouse 
pneumonitis and from allantoic fluid in the case 
of feline pneumonitis and meningopneumonitis. 
Their degree of infectivity was roughly deter- 
mined by the examination of smears stained by 
Macchiavello’s method (Zinsser, Fitzpatrick, 
and Wei, 1939) and by the inoculation of mice. 

Inoculation of mice.—Swiss mice, usually 7 to 
15 g, were used. They all came from the same 
source* and proved repeatedly to be free from 
latent infection with pneumotropic viruses. Mice 
were inoculated intranasally with 0.03 ml of a 
suspension while under light ether anesthesia and 
two mice were usually sacrificed at each interval 
of time. Work with mouse pneumonitis virus 
consisted of 4 series involving the following time 
intervals in at least one series: 3, 1, 3, 5, 7, 9, 13, 
15, 18, 21, 24, 30 and 36 hours; and 2, 3, 4, 5, 7, 
10, 13, 21 and 29 days. Work with feline pneu- 
monitis and meningopneumonitis included the 
following time intervals: 6, 12, 18, 24, and 36 
hours; 2, 3, 4, 5, 7 and 10 days; and 2, 3, 4, 6 and 
8 weeks. 

Lungs were fixed in various ways. Some were 
removed and fixed in the collapsed state. Most 
were distended by injecting fixative into the 
trachea before removing and placing them in the 
fixative. A few were distended and engorged with 
blood according to Loosli’s (1946) technique in 
order to obtain a better picture of the cellular 
elements. In a short series with meningopneu- 
monitis virus, 15 to 20 g mice were inoculated 
intracerebrally under ether anesthesia with 0.03 
ml of emulsion, and their brains removed one, 
two and three days after inoculation. Before in- 


* The mice were supplied by Stanley Miller, 
Germantown, New York. 
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oculation with mouse pneumonitis virus, the 
lungs of one series of mice was vitally stained 
with trypan blue in order to “‘label’’ the macro- 
phages. A 27 gauge needle was gently inserted 
into the lung and 0.05 ml of a 0.5% aqueous 
solution of the dye injected 6 times at intervals 
of 5 days each. 

Inoculation of hamsters—Feline pneumonitis 
and meningopneumonitis viruses were inoculated 
into 21 day old golden hamsters. They received 
0.05 ml of suspension intranasally while under 
light ether anesthesia and were killed after one, 
two and three days. All lungs were distended. 

Inoculation of embryonated eggs.—Embryo- 
nated hen's eggs, 6 to 10 days old, were inocu- 
lated in the yolk sac with 0.25 ml of virus mate- 
rial. The embryonated eggs inoculated with 
mouse pneumonitis virus were opened at in- 
tervals of time approximately equal to those 
used in the experiments with mice. Those in- 
oculated with feline pneumonitis and meningo- 
pneumonitis viruses were opened one, two and 
three days after inoculation. Most of the yolk 
was drained off and the yolk sacs placed in the 
fixative. Eleven day old embryonated hens’ eggs 
were inoculated in the allantoic cavity with 0.25 
ml of allantoic fluid infected with feline pneu- 
monitis and meningopneumonitis viruses. They 
were opened one, two and three days later, and 
the chorioallantoic membranes removed and 
placed in the fixative. A small number of mice 
were inoculated intranasally with the virus emul- 
sions used for the egg inoculations. They were 
killed one, two and three days after inoculation 
and their lungs removed and fixed. 

Controls—Each experiment with mice in- 
cluded a few control animals which were given 
sterile veal infusion broth and killed one, two 
and three days after inoculation. In addition, a 
series of mice was given a 20% emulsion of un- 
inoculated mouse lungs and killed at the follow- 
ing time intervals: 1, 3, 6, 13 and 23 hours; 2, 3, 
4, 5, 7 and 10 days; and 2, 3, 4, 6 and 8 weeks. 


Another series of mice was inoculated intra- 
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cerebrally and one of hamsters was inoculated 
intranasally with normal mouse lung emulsions 
and their brains and lungs removed one, two and 
three days after inoculation. Embryonated eggs 
were inoculated with sterile saline or sterile 
allantoic fluid and their yolk sacs and chorio- 
allantoic membranes were removed one, two and 
three days after inoculation. Not one of the virus 
structures described below was found in the 
controls. 

Histological techniques.—Most of the speci- 
mens were fixed in Zenker-formol. In a few in- 
stances, Zenker-acetic acid was used. Some 
vitally stained lungs were fixed with trichloro- 
acetic acid mixture as suggested by Heidenhain 
(quoted by Romeis, 1932). Tissues were em- 
bedded in celloidin and were sectioned 6 to 8u 
thick. They were routinely stained with hema- 
toxylin-eosin-azure II, which stained the virus 
well. Noble’s stain (Yanamura and Meyer, 1941), 
probably on account of the celloidin embedding, 
did not bring out virus structures very clearly 
and was discontinued, but iron hematoxylin, 
which was occasionally used, was very effective. 
The following connective tissue stains were used 
in a representative number of specimens: 
Heidenhain's-azan, orcein counterstained with 
methylene blue, and Bielschowsky-Foot counter- 
stained with azan. 


Mouse pneumonitis virus in mouse lung 


The virus of mouse pneumonitis (pl. 1 
and fig. 1-19) first appears in the alveoli 
of the lungs and later invades the 
bronchiolar epithelium. It undergoes a 
developmental cycle similar to that of 
other viruses of this group. In sections 
properly fixed and stained with hema- 
toxylin-eosin-azure II the virus stains a 
deep blue and is clearly distinguished 
from the nuclei of the tissue cells which 





EXPLANATION OF PLATE 1 


Mouse pneumonitis virus in mouse lung. Hematoxylin-eosin-azure II. Magnification < 1600. 
Section 1.—Extracellular virus in the alveoli. The mouse was vitally stained with trypan blue be- 


fore inoculation with the virus. 


Section 2.—Intracellular virus in the epithelium of a bronchiole. 

In this plate and all the figures, the following abbreviations are used: 

C, cluster; E, endothelial cell; H, heterophile; I, initial body; L, lymphocyte; M, macrophage (note 
trypan blue pigment in the cytoplasm in section 1); MI, multiple infection of single cell; N, tissue cell 
nucleus; P, plaque; Vg, finely granular vesicle; Pl, polyblast; Rbe, red blood cell; S, septal cell; VI, 
large vesicle; Vs, small vesicle; Ps, protoplasmic strand. 
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are stained a different shade of blue by 
the hematoxylin. The sections described 
below were stained by this method un- 
The virus is 
described first in the alveoli and then in 


less otherwise indicated. 


the bronchiolar epithelium. 

In the alveoli (pl. 1, 1).—Half an hour 
after the instillation of the virus emul- 
the 
is still present in the 


sion some amorphous material 
original inoculum 
alveoli near the hilar region: within this 
amorphous material some elementary 
bodies can be detected. Except for these, 
few 
hours after inoculation, possibly because 


the virus is not seen for the first 
isolated elementary bodies resemble fine, 
pale blue granular material which is 
probably a staining artifact present in 
all slides. 

The first structures to appear are ini- 
tial bodies. Five hours after inoculation 
a fair number of these spherical bodies, 
0.7 uw in diameter, are seen on alveolar 
uniform in 
size, stain a deep blue, and have a clear 


walls. They are relatively 


area around them. By 7 hours the initial 
bodies are more numerous and some- 
what larger in size, up to 1 pw (fig. 1). 
At this time most of them appear to 
have already divided and given rise to 
two, 
(fig. 
tinct granules will be called ‘‘clusters.’’* 


sometimes three, or four granules 
2-4). Groups of two or more dis- 


* The term “cluster” is discussed on page 143. 
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Individual granules of a cluster are 
somewhat smaller than initial bodies. 
Three or more granules are never ar- 
ranged in a single line. Instead they are 
assembled in a small round or oval area 
surrounded by a clear space. As the in- 
fection progresses, the clusters grow in 
size. During this process, the granules 
increase in number but decrease in size. 
By include 3 10 
granules in rosette shape and have a 
maximum diameter of 3 u (fig. 5). By 13 
hours they contain 12 to 25 granules and 
have a diameter of 7X5 yw. Although 
the individual granules are now smaller 


9 hours clusters to 


than in previous stages, they are still 
larger than elementary bodies. 

At 13 hours the clusters begin to de- 
velop into vesicles consisting of numer- 
ous granules which are the size of ele- 
mentary bodies and are contained by a 
membrane. The have a 
matrix which is light blue at the periph- 
ery and somewhat darker in the center. 


vesicles also 


Most vesicles, as well as clusters, appear 
attached to the wall of alveoli and, in 
well distended lungs, bulge out into the 
lumen. Eighteen hours after inoculation 
oval vesicles ranging in size from 6 X4.7 
uw to 9X7.5 w prevail (fig. 6 and 7). As 
the vesicles increase in size, their matrix 
becomes darker and their limiting mem- 
brane is more distinctly seen. Granules 
at the periphery are usually larger than 
those in the center. As mentioned before 


PLATE 2 


Fic. 1 through 48 are photomicrographs of three viruses in either mouse lung, yolk sac or chorio- 
allantoic membrane at various intervals from 7 hours to 10 days after inoculation at a magnification 
of 2000. Sections were all stained with hematoxylin-eosin-azure I] unless otherwise indicated. For 


abbreviations, see plate i. 


Fig. 1-19. Mouse pneumonitis virus in mouse lung of which figures 1-13 show extracellular develop- 
ment in the alveoli and figures 14-19 show intracellular development in a macrophage and bronchiolar 


epithelium. 
Fic. 1. 
Fic. 2 and 3. 
Fic. 4 and 5. 
Fic. 6and 7. 
Fic. 8 and 9. 


Initial body at 7 hours. 


Small vesicles at 18 hours. 


Clusters with 2 or 3 granules at 7 hours. 
Clusters with 4 to 6 granules at 9 hours. 


Large vesicles containing plaques at 36 hours. 
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most vesicles are attached to alveolar 
walls and bulge into the lumen. About 
one fourth of them seem to be so closely 
applied to tissue cells that they fit in the 
concavity of crescent-shaped nuclei 
(fig. 12). Such vesicles are never sur- 
rounded by cytoplasm. 

Vesicles further increase in size by 24 
and 36 hours. Averages of fifty vesicles 
at these intervals measure 8.5 X7.5 pu 
and 11.5X10y, Small 
plaques and vacuoles now occur in the 


respectively. 


vesicles. A plaque, 1.7 w in diameter, is 
almost a constant feature of large vesi- 
(fig. 8 and 9), small 
plaques in a vesicle are occasionally seen 


cles Numerous 
(fig. 11). Although many vesicles still 
bulge out freely into the lumen, an in- 
creasing with 
dark, semilunar nuclei (fig. 13) approxi- 
mately one of three at 24 hours and one 


number are associated 


of two at 36 hours. The larger the virus, 
the greater is the tendency to distort 
the adjacent cell and its nucleus. Occa- 
sionally, a vesicle modifies the shape of 
two adjacent cells. The identity of the 
cells which are seen in close proximity of 
the vesicle can not be ascertained, but it 
seems probably that the same cell type 
is not always involved. 

The life cycle of the virus seems to last 
30 to 36 hours. Small clusters reappear 
as early as 30 hours and a fair number 
are seen at 36 hours (fig. 10). During 
this time, large vesicles appear to be 
breaking up and releasing elementary 


bodies. 
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Fic. 10. 
Fic. 11. 
Fic. 12. 
round the vesicle. 
Fic. 13. 
Fic. 14. 
Fic. 15 and 16. 
Fic. 17. 
Fic. 18 and 19. 


Second generation cluster at 36 hours. 
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Development of individual virus ele- 


ments is more or 


less synchronous 
through 36 hours but all stages are pres- 


ent after 48 hours. The loss in synchronic- 
ity is probably due to a variability in 
the length of time required for individual 
clusters to grow to mature vesicles. The 
cycles are apparently repeated in identi- 
cal form because the morphology of the 
virus structures does not change at sub- 
sequent time intervals. Virus structures 
continue to be numerous in the alveoli 
for as long as 7 days. At 10 days they 
begin to decline. They are greatly re- 
duced in number at 13 days, are rare at 
21 days, and are not seen thereafter. 
In rare cases one to several clusters 
of the virus occur in free macrophages in 
the alveoli (fig. 14). Since they appear 
similar to structures in adjacent areas, 
they are presumably not degenerating. 
That the virus has no particular affinity 
for the macrophage and that macro- 
phages play no role in the development 
of the virus are clearly shown by the 
experiment vital Vitally 
stained sections show clearly ‘‘labeled”’ 


with dyes. 
macrophages harboring no virus struc- 
tures. Macrophages and vesicles are 
distributed at the 
(pl. b, 8). 

The important finding in this study 
of mouse pneumonitis is the extracellu- 


random in tissues 


lar position of the virus in the alveoli. 
The majority of vesicles and clusters 
bulge out freely into the lumen and are 
attached to various parts of the lung for 


»N OF PLATE 3 


Vesicle containing many plaques at 4 days. 


Vesicle closely applied to tissue cell nucleus at 18 hours. Note that cytoplasm does not sur- 


Vesicle closely applied to tissue cell nuclei at 36 hours. 

Iwo clusters clearly in the cytoplasm of a macrophage at 4 days. 

Plaques in epithelial cells of the bronchioles at 3 days. 

Cluster in epithelial cell of the bronchioles at 3 days. 

Vesicles in epithelial cells of the bronchioles at 3 days. Note plaques and vacuoles. 
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a distance of 2 to 12 yw (fig. 5-10). They 
may touch but are not surrounded by a 
thin wall of a capillary, the cytoplasm of 
an endothelial or septal cell,* or reticular 
fibers as seen in silver impregnated sec- 
tions. Various staining methods empha- 
sized the extracellular nature of this vi- 
rus. Inslides stained with azan, vesicles 
take up orange G, nuclei take up azocar- 
mine, and the cytoplasm of connective 
tissue cells stains lightly with aniline 
blue. In silver impregnated sections, 
the virus is argentophilic and is clearly 
seen independent of tissue cells. In iron 
hematoxylin stained sections, the virus 
is pitch black. 

The that the 
structures above may be intracellular 


suspicion described 
is dispelled by their sharp contrast with 
those particular cases in which the virus 
is definitely intracellular. As described 
before, the virus occurs sometimes in a 


macrophage and the intracellular posi- 


tion in such cases is clearly seen (fig. 14). 
The the 
epithelium and will be described below. 

In the bronchioles (pl. 1, 2).—The 
virus is seen in a few epithelial cells of 
the bronchioles as early as 24 hours after 


same occurs in bronchiolar 


inoculation. A heavy invasion of almost 
every epithelial cell in inflamed areas 
starts 3 days after inoculation. The 


columnar cells of the terminal bronchi- 


*In 
(1938), 


tinuous epithelial lining of the alveoli. 


accordance with Loosli’s observations 


no evidence has been found for a con- 
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Fic. 20-25. 
Fic. 20. 
Fic. 21. 
Fic. 22 and 23. 
Fic. 24 and 25. 
Fic. 26-30. 
Fic. 26. 
Fic. 27. 


Elongated vesicle at 4 days. 


Cluster at 36 hours. 


Elongated vesicles at 10 days. 


oles are most commonly involved, but 
low cuboidal cells of the respiratory 
bronchioles are attacked also. 

The virus appears to follow a different 
pattern of development in the epithe- 
lium of the bronchioles. Initial bodies 
develop into plaques (fig. 15 and 16) 
rather than clusters. The plaques, in 
turn, increase in size and break up into 
vesicles containing some elementary 
bodies, many small plaques and occa- 
sional vacuoles (fig. 18 and 19). Gordon 
(1946) obtained a higher degree of con- 
trast by fixing his specimens with Zen- 
ker-acetic acid and staining with Giemsa 
stain. He found that many vesicles of 
this same virus appear finely granulated 
in the bronchioles and plaques seem to 
be composed of small clusters of granules 
in a thick matrix. The cycle just de- 
scribed is not the only way in which the 
virus develops. Finely granulated clus- 
ters (fig. 17) and vesicles resembling 
those in the alveoli are also seen. 

The virus in the bronchioles, in con- 
trast to its location in the alveoli, is 

intracellular. As the 
grows, the host cells hypertrophy but do 


not appreciably degenerate. Often the 


clearly vesicle 


growing vesicle presses against the nuclei 
of the cells. The latter then become dark 
and crescent-shaped and resemble the 
previously described nuclei in the alveoli. 
Some cells slough off and release the 
virus. Many have multiple infections 
and may contain as many as 6 vesicles, 
clusters and initial bodies (pl. 1, 2). 


PLATE 4 


Feline pneumonitis virus in mouse lung from 36 hours to 10 days after inoculation, 
Vesicle at 36 hours stained with Bielschowsky-Foot. 


Horse-shoe shaped vesicles at 10 days. 
Mouse pneumonitis virus in the yolk sac at 36 hours and 2 days after inoculation. 


Vesicle partially displacing the host cell nucleus at 36 hours. 
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Feline pneumonitis virus in mouse lung 


In the alveoli (fig. 20-25).—The virus 
of feline pneumonitis differs from the 
virus of mouse pneumonitis in several 
morphological and developmental de- 
tails. The infection begins in the alveoli, 
as in mouse pneumonitis infection, but 
12 to 18 
hours after inoculation. Their develop- 
ment 48 
Clusters of a variable number of gran- 


initial bodies appear later, i.e., 


takes approximately hours. 


ules are seen at 18 hours and reach a 
maximum size of 5X4 uw. Vesicles with 
a maximal size of 6.55.5 w appear at 
24 hours. They increase in size during 
the ensuing 24 hours with a maximum 
size of 107.5 wat 36 hours and an aver- 
age size of 1210 uw at 48 hours. At this 
time, large vesicles appear to be break- 
ing up and to give rise to early stages. 
Development of viruses continues but is 
no longer synchronous. During the first 
week of infection vesicles are numerous. 
As many as 15 were seen in one oil im- 
mersion field. They begin to decrease at 
10 days, are scarce at 14 days, rare at 
21 days and are not present thereafter. 

Uniform and well separated granules 
are characteristic of this virus. As the 
cluster becomes a small vesicle the gran- 
ules become smaller and more compact, 
but they remain clearly distinguishable. 


Sometimes the granules at the periph- 


ery are larger than the granules in the 
center, but plaques, as seen in mouse 
pneumonitis vesicles, are uncommon 
(fig. 20-25). 

This organism stains as does the mouse 


pneumonitis virus. It takes up azure in 
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II stain. 
In sections stained with azan the clus- 


the hematoxylin-eosin-azure 


ters take up a mixture of orange G and 
azocarmine and the vesicles stain with 
orange G alone. Both iron hematoxylin 
and Bielschowsky-Foot stain the indi- 
vidual granules pitch black. 

In 


virus, which alters the shape of sur- 


contrast to mouse pneumonitis 
rounding cells and their nuclei by pres- 
sure, the feline pneumonitis vesicle is 
itself changed in shape by _ pressure 
against surrounding structures. Usually 
it has a broad attachment to an alveolar 
wall and stretches along its side (fig. 20, 
21 and 24). If a capillary protrudes into 
the often 
assumes a horse-shoe shape (fig. 22 and 


lumen against a vesicle it 
23). If surrounding structures do not 
exercise any pressure, the vesicle often 
assumes an oblong shape (fig. 25). Since 
the virus stretches along the wall of the 
alveolus, a close relationship with cellu- 
lar elements sometimes occuis. Dut be- 
cause of its failure to alter the shape of 
the neighboring tissue cells and their 
nuclei, this virus usually appears even 
more clearly extracellular than mouse 
pneumonitis virus. It is, however, occa- 
sionally intracellular in the macrophages 
fixed in the alveolar wall. It does not 
displace the nuclei of the macrophages 
by pressure. In a few cases, a dark 
basophilic particle, resembling a pyk- 
notic nucleus is seen inside a vesicle. The 
significance of this phenomenon is not 
clear. 

In the bronchioles.—The infection of 


the bronchiolar epithelium begins at 3 


PLATE 5 


Vesicle at distal end of yolk cell at 2 days. 


Vesicle pressing against host cell and also against nucleus of neighboring ‘ell at 


Large vesicle at distal end of volk cell and bordered by protoplasmic strand at 


and 32 
Small vesicle at distal end of yolk cell. 


Feline pneumonitis virus in the yolk sac at 3 days. 


Large vesicle contained within the protoplasmic strands of the yolk cell. 
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days, reaches a moderate peak at 4 
days and lasts as long as 10 days. Clus- 
ters and small vesicles usually prevail. 
They are in general finely granular and 
do not modify the shape of the nucleus. 

Table 1 summarizes the differences be- 
tween the viruses of mouse and feline 
pneumonitis. 


Meningopneumonitis in mouse lung 


The virus of meningopneumonitis 
(fig. 33-46) differs in some respects from 


the two viruses previously described. 


TABLE 1. 


Distinguishing Characteristics 
First appearance of initial bodies 6 hours 
Length of life cycle 30-36 hours 


Extracellular vesicles in alveoli 


Mouse Pneumonitis 


139 


bronchiole will usually reveal two or 
three parasitized cells. The intracellular 
structures size from initial 
bodies 0.7 w in diameter to plaques 
8X5 y. They are smaller than extracellu- 
lar structures. 


vary in 


The first cycle of the virus lasts ap- 
proximately 48 hours. Initial bodies ap- 
pear about 18 hours after inoculation. 
The structures seen at 24 hours are 
plaques, averaging 4.53.5 wu (fig. 34). 
At 36 hours the plaques have increased 
in size to 7.5X5.5 mw (fig. 35 and 36). 


Vor phological differences between the agents of mouse pneumonitis and feline pneumonitis. 


Feline Pneumoniris 
15 hours 


48 hours 


Intracellular virus in macrophages of 
the alveoli 


Intracellular virus in epithelium of the 
the bronchioles 


Round or oval; displace cytoplasm and 
nucleus of adjacent tissue cells; contain 
1 or 2 small plaques 


Rare (in free alveolar macrophages 


Plaques or vesicles containing numer- 


Flattish; do not displace cytoplasm or 
nucleus of adjacent tissue cells; do not 
contain plaques 


More frequent (in macrophages fixed in 
alveolar wall 


Finely granular clusters and vesicles 





ous plaques 


Throughout the first 5 days of infec- 
tion, although the majority of forms are 
extracellular (fig. 33-41), approximately 
10% occur in the cytoplasm of macro- 
phages (fig. 42-45). This percentage var- 
ies somewhat in that it increases slightly 
as the infection decreases. During the 
same period, a small number of epithelial 
cells are parasitized (fig. 46). In an area 
of inflammation a section of a 


Cross 
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Fic. 33-48. 


They stain a homogeneous pale blue 
with hematoxylin-eozin-azure II. A few 
granules can be detected at the periph- 
ery only with the Bielschowsky-Foot 
stain (fig. 36). The majority appear 
round or oval, are broadly attached to 
the alveolar walls and bulge out into the 
lumen. As the plaques increase in size, 
they begin to have a reticular structure 


and later contain densely packed gran- 


PLATE 6 


Meningopneumonitis virus in mouse lung from 24 hours to 7 days after inoculation, of 


which figures 33-41 show extracellular development in the alveoli and figures 42-48 show intracellular 
development in macrophages, bronchiolar epithelium and chorioallantoic membrane. 


Fic. 33. 
Fic. 34. 
Fic. 35. 


[wo small plaques at 48 hours. 
Plaque at 24 hours. 


Plaque at 36 hours. Bielschowsky-Foot stain. 


Fic. 36.— Plaque at 36 hours. Note granules at periphery. Bielschowsky-Foot stain. 


Fic. 37.—Vesicle at 3 days. 
Fic. 38.—Two large vesicles at 4 days. 
Fic. 39.— Vesicle at 4 days. 


Fic. 40.—-Large vesicle at 4 days. Note large granules and plaques. 
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ules which do not stand out very clearly 
37). At 48 initial 
bodies and plaques are again seen in 


(fig. hours young 
great numbers (fig. 33) but some vesi- 
cles develop further. At 3 and 4 days, 
for example, large vesicles with distinct 
13X12u at 
and 17 X12.5 pw at 4 days, are seen (fig. 
38-41). These vesicles stain differently 


granules, reaching 3 days 


than former ones. They appear purple, 
or a blue-staining vesicle may contain 
distinct eosinophilic granules. Some 
harbor many large, coarse, irregularly 
shaped granules in a vacuolated matrix 


(fig. 40 and 41). They stretch out along 


the surface to which they are attached 
fig. 38 and 39). At 4 days, the plaques 


sharply decrease in number and at 5 
days the large vesicles begin to dle rease. 

The morphologic al picture changes 
again at 7 and 10 days. At this time the 
virus consists of small conglomerates of 
pink granules, which are usually intra- 
cellular. Even some of the structures in 
the epithelium are finely granular and 
eosinophilic. The number of such forms 
is small at 7 days and only an occasional 
10 days. 
the nuclei of various epithelial and con- 


one is seen at Furthermore, 
nective tissue cells seem to be abnormal. 
Some are large and contain large num- 
bers of red- to purple-staining chromatin 
granules (fig. 47) which are unevenly dis- 
tributed and are sometimes asymmetri- 
cally clumped. These granules may pos- 
sibly be intranuclear elementary bodies. 


Feline pneumonitis and meningopneu- 


monitts viruses in hamster lung 


In a small series in hamsters, the main 
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Fic. $1. Large vesicle at 4 days 
Fic. 42-44. 
Fic. 45. 
Fic. 46. 
Fic. 47. 
mentary bodies) at 7 days 
Fic. 48. 
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features in the life cycles of feline pneu- 


monitis and meningopneumonitis  vi- 
ruses, as described in the mouse lung, 
are confirmed. The only difference noted 
is that fewer virus elements are seen per 


area of inflammation. 


The viruses in embryonated eggs 


In the yold sac (fig. 26-30).—The life 
cycle of the virus of mouse pneumonitis 
in the yolk sac of the developing egg is 
essentially similar to that previously de- 
scribed in mouse lung. The main differ- 
ence consists in the size of the vesicles. 
Clusters and vesicles with average di- 
ameters of 4uand 6 uw respectively, are 
seen at 18 hours. Vesicles average12 K 10 
pw at 24 hours, 23X18 w at 36 hours and 
as much as 40X20 uw just as they are 
breaking up. As in the mouse lung, the 
developmental cycle lasts approximately 
36 hours. Young stages are seen again 
at 36 hours (fig. 26 and 27), and all 
stages are present 2 (fig. 28, 29 and 30) 
3 and 4 days after inoculation. The ma- 
trix is very dark in small vesicles and 
becomes lighter as the vesicles grow in 
size. Plaques are present in the larger 
vesicles and at least one plaque 2 yu in 
diameter is almost always present in 
the fully developed vesicles (fig. 28). 

The virus is seen only in entodermal 
cells of the yolk sac. At 18 hours they 
are seen at the distal end. Later, they 
move toward the center and proximal 
end. Many of them touch and modify 
29). 


Smaller stages seem to occur within the 


the shape of nuclei (fig. 27 and 


thin protoplasmic strans rather than in 
the vacuoles of the cytoplasm of yolk 


PLATE 7 


Note numerous vacuoles. 

Plaques in the cytoplasm of macrophages at 24 hours. 

Plaque in the cytoplasm of a macrophage at 5 days. 

Plaque in the cytoplasm of an epithelial cell of a bronchiole at 24 hours. 


Nucleus containing an unusually large number of small granules (some are possibly ele- 


Vesicle in the cytoplasm of an epithelial cell of the chorioallantoic membrane at 3 days. 














142 


cells, but large vesicles tend to extend 
into the vacuoles (fig. 28-30). 

Feline pneumonitis virus maintains 
many of its characteristics in the yolk 
sac (fig. 31 and 32). Vesicles are made 
up of fairly large well separated granules; 
plaques are uncommon and the nuclei 
of the host cells are not modified by pres- 


ELEMENTARY BODY 
. 


INITIAL BODY 
* 
M™s 
CLUSTER CLUSTER 


. 


VESICLE 


& - © 


VESICLE 


*eecces*® 
Fic. 49. 


of the psittacosis-lymphogranuloma 


Stages in the development of viruses 
venereum 


group (Chlamydozoaceae). 


sure. The virus is more restricted to the 
protoplasmic strands of volk cells than 
mouse pneumonitis virus. This host- 
parasite relationship is responsible for 
long, stretched-out forms (fig. 31 and 
32) the 


mouse pneumonitis virus. 


which are unlike vesicles of 


Meningopneumonitis virus in the yolk 


sac is indistinguishable from mouse 
pneumonitis virus. well as 


small structures have well separated 


Large as 


granules. A small plaque is often present 


in large vesicles. The virus seems to 
grow along the lines of protoplasmic 
filaments, but vesicles are also contained 
in cellular vacuoles. 

In the chorioallantoic membrane.--In 
infections of the chorioallantoic mem- 


brane, 


meningopneumonitis elements 
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are more numerous than feline pneu- 
monitis forms. This is to be expected 
since meningopneumonitis virus reaches 
a higher titer in the allantoic fluid than 
feline pneumonitis virus (Francis and 
1945). The are 
almost identical in appearance in this 


Gordon, two viruses 
tissue and only one, meningopneumo- 
nitis, will be described (fig. 48). 

The infection occurs solely in ento- 
dermal As in other infections 
(Beveridge and Burnet, 1946) the ento- 
derm forms papillae of stratified epithe- 
the 
course of its single layer. The outer 


cells. 


lium at frequent intervals along 
layers of the papillae are made up of 
large cuboidal cells which occasionally 
slough off. The inner layers of the strati- 
fied epithelium, as well as the single 
layer entoderm, consist of squamous 
cells. 

Clusters and small vesicles occur in 
almost all squamous cells of the single 
laver. La ‘ge vesicles are seen in the 
outer layer of the papillae but are scarce 
in the inner lavers. Vesicles in cells 
which slough off from the papillae ap- 
pear to break up and release individual 
granules. The virus inclusions consist 
of a variable number of distinct gran- 
ules, which are usually closely packed 
(fig. 48) but may be widely separated. 
The maximum size of vesicles is 1410 
au. The shape of the nucleus of the host 
cells is not modified by the enlarging 
vesicles (fig. 48). 

Egg-adapted viruses in mouse lung. 
Egg-adapted mouse and feline pneumo- 
nitis viruses in mouse lungs are identical 
to those of mouse-adapted strains. On 
the other hand, egg-adapted meningo- 
pneumonitis virus in mouse lungs are 
different from those previously described 
for the mouse-adapted strain. Thus, the 
vesicles are oval, reach a maximum size 
of 25x 20 uw and contain many small 
plaques. These observations need to be 
extended. 
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Meningopneumonitis virus in 
mouse brain 

After 

sicles appear in the meninges as well as 

in the brain. Most of them are oval or 


intracerebral inoculation ve- 


round and are finely granular. Some are 
clearly the adventitial cells of 
small vessels in the meninges. The ma- 
jority, however, occur in foci of dense 
cellular exudation and their relationship 
to neighboring structures is not clear. 
In the brain tissue itself, some are in 


inside 


the cytoplasm of ependymal cells, others 
are adjacent to glia nuclei and _ still 
others do not appear to be near any 
nuclei. None appears in close proximity 
to nerve cells proper. The localization 
of the virus in the brain deserves to be 
investigated further. 


DISCUSSION 

1. The the 
lymphogranuloma group appear to fol- 
low a simple developmental pattern 
(fig. 49). That the elementary body 
is the infectious unit is supported by 
the experiments of Hilleman (1945), for 
example, who found that purified ele- 
mentary bodies of mouse pneumonitis 


agents of psittacosis- 


virus are highly infectious. As soon as 
the elementary body has established it- 
self in a suitable environment, intracel- 
lular or extracellular, it apparently 
gives rise to a particle the size of a 
coccus—the initial body-——although this 
process has not been observed either by 
me or by others (Lindner, 11910; Rake 
and Jones, 1942). 

The initial body may produce a clus- 
ter of granules smaller than itself, it may 
enlarge into a plaque, or it may grow 


and divide into a cluster of small plaques. 


These three possibilities are exemplified, 


respectively, by mouse pneumonitis 
virus in the alveoli, meningopneumonitis 
and psittacosis Viruses in the alveoli and 
elsewhere (Bland and Canti, 1935), and 


lymphogranuloma venereum in the yolk 
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sac (Rake and Jones, 1942). In the 
development of the viruses, there is 
no essential difference between a clus- 
ter and a plaque. For example, mouse 
pneumonitis virus will produce clus- 
ters in the alveoli and plaques in the 
bronchiolar epithelium. In 
the 


addition, 


same structure will appear as a 
cluster with one staining technique and 
as a plaque with another. Thus, Bland 
and Canti (1935) number 


of small bodies in plaques when the 


detected a 


slides were strongly decolorized with 
the 


many mouse pneumonitis plaques in the 


acetone, and, in present study, 


bronchiolar epithelium appeared as 


Zenker-acetic acid and 


Giemsa stain were used (p. 135). On the 


clusters when 
other hand, since plaques contain a 
cementing matrix and granules more 
closely associated than in clusters, these 
two structures should be distinguished. 
The term ‘‘cluster’’ is introduced to fill 
a gap in the nomenclature used to de- 
scribe the life cycles of these agents. 

Clusters and plaques develop into ves- 
icles which have a limiting membrane, 
a thin matrix, and granules of the size 
of elementary bodies. Vesicles may also 
contain large granules, plaques and 
vacuoles. For example, the cluster of 
mouse pneumonitis in the alveoli and 
the meningopneumonitis plaque develop 
into a finely granulated vesicle, while the 
mouse pneumonitis plaque of the bron- 
chiolar epithelium and the lympho- 
granuloma venereum cluster of the 
yolk sac (Rake and Jones, 1942) develop 
into vesicles full of plaques. At a later 
stage, the lymphogranuloma venereum 
plaques inside the vesicles give rise to 
elementary bodies (Rake and Jones, 
1942). 

Vesicles eventually break up and re- 
lease elementary bodies. Mouse pneu- 
monitis vesicles of the bronchiolar 
epithelium appear to break up at a stage 
when many plaques are still present. 
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The residual plaques also break up and 
liberate elementary bodies, as was 
clearly shown by Rake and Jones (1942) 
and Rake (1947). 

2. A review of the literature revealed 
that two views are held regarding the 
nature of the inclusion bodies. Accord- 
ing to the first concept, which is sup- 
ported by Halberstaedter and Prowa- 
zek (1907a and b), Levinthal (1935), 
Yanamura and Meyer (1941) and 
Kurotchkin et al. (1947), the inclusion 
of dual nature—viral 
cellular. According to the second view, 
which is supported by Lindner (1910), 
Bland and Canti (1935) and Rake (1947) 


inclusions are entirely viral in nature. 


bodies are and 


During the course of this work on mouse 
pneumonitis, the first view seemed to 
have greater justification because ex- 
tracellular structures appeared as clus- 
ters or finely granulated vesicles while 
intracellular structures often appeared 
as plaques. These findings seemed to 
lead to the conclusion that the cell pro- 
duced the cementing substance of the 
plaque. When the work was extended to 
meningopneumonitis virus, however, 
plaques were found to develop outside of 
cells and hence had to be entirely viral 
in nature. The author feels, therefore, 
that the virus is somewhat dependent 
the 
phology but elaborates its own struc- 


upon environment for its | mor- 


ture. 

3. An incidental finding was the ar- 
gentophilic property of all three of the 
viruses studied. The agent of lympho- 
granuloma venereum also possesses this 
property, as was previously ascertained 
by Favre (1942) and by Mauro (quoted 
by Levaditi, 1941). It may be worth- 
while to de’ermine whether all agents of 
this group are argentophilic. Since ar- 
gentophilic structures stand out very 
20, 35 36), this 
property could be utilized for diagnostic 


clearly (see fig. and 


purpe ses. 
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4. The agents of mouse and feline 
pneumonitis are similar and can easily 
be discussed at the same time. They ap- 
pear to have a relatively simple life 
cycle which is repeated throughout the 
infection. The morphology of the vesicle 
is identical in acute and chronic infec- 
tions and in attenuated infections initi- 
ated by the inoculation of concentrated 
mouse pneumonitis virus and specific 
rooster immune 
monitis virus apparently brief 
latent (interval between the 
inoculation and the first appearance of 
initial bodies) and a short life cycle, 
whereas feline pneumonitis has a some- 


serum. Mouse pneu- 
has a 


period 


what longer latent period and life cycle. 
The main difference between the two 


viruses consists in the blown-up appear- 


ance of the mouse pneumonitis vesicle 
and the flattish appearance of the feline 
pneumonitis vesicle. This difference is 
probably due to variations in consist- 
ency, although surface tension phenom- 
ena may also play a role. The more 
viscous Mouse pneumonitis vesicle bulges 
freely into the lumen from a small at- 
tachment to the wall and 
exercises pressure against neighboring 


alveolar 


cells and their nuclei. The less viscous 
feline pneumonitis vesicle sags over the 
alveolar wall and exercises no pressure 
against neighboring nuclei. 

5. The agent of meningopneumonitis 
appears to be essentially different from 
the agents of mouse and feline pneu- 
monitis and is remarkably similar to the 
agent of psittacosis (Bedson, 1933; 
Bedson and Bland, 1932 and 1934; and 
Bland and Canti, 1935) as pointed out 
by Pinkerton and Moragues (1942). 

This virus fails to repeat the initial 
cycle as has already been observed for 
the agent of psittacosis (Bland and 
Canti, 1935; Levinthal, 1935; and Yana- 
mura and Meyer, 1941). Any interpre- 
tation of this phenomenon must take 
into consideration both the host and the 
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viral agent. The resistance of the host is 
undoubtedly altered as the infection 
progresses. It may be lowered by toxins 
produced by the parasite or it may be 
enhanced by the development of im- 
munity. According to Levinthal (1935) 
and Yanamura and Meyer (1941), 
psittacosis virus develops without the 
formation of a cycle when elementary 
bodies penetrate damaged cells. Another 
possible explanation is that the virus is 
diphasic. Thus, both phases may survive 
transfer from animal to animal but only 
one may predominate at first. Later, as 
the resistance of the host changes, the 
first phase may become latent and the 
second one predominant. 

6. The present studies indicate that 
the agents of mouse pneumonitis, feline 
pneumonitis, and meningopneumonitis 
can be differentiated morphologically. 
On the basis of morphological evidence 
we can say that mouse and feline pneu- 
monitis viruses are closely related and 


that meningopneumonitis virus is some- 
what more distantly related to these 
viruses. Meningopneumonitis virus ap- 
pears closely related to the agent of 
psittacosis (Bedson and Bland, 1935). 


Lymphogranuloma venereum virus 
(Rake and Jones, 1942) occupies an in- 
termediate position between these two 
sub-groups. 

Hilleman and Gordon (1944) intro- 
duced a serum neutralization test which 
was subsequently proven by Hilleman 
(1945), St. John and Gordon (1947) and 
Francis (1949) to be the most satisfac- 
tory means of classifying the agents of 
this group. Since contradictory results, 
however, are occasionally obtained (St. 
John and Gordon, 1947), an ancillary 
method is desirable. The histological 
approach may satisfy this need. 

7. Most important is the information 
gathered on the site of development of 
the three viruses. 

In the lung the alveolus appears to be 
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the principal site of development and 
the viruses at first develop extracellu- 
larly. It is interesting to note that Loosli 
(1938) found no evidence for a continu- 
ous layer of lining cells in this organ. 
Since the vesicles are usually attached 
to the alveoli, the viruses may possibly 
develop pericellularly. But this is not 
supported by the morphological evi- 
dence, since the viruses are variously 
associated to cells, fibers, and capillaries. 
They appear to be genuinely extracellu- 
lar. The ‘‘naked”’ alveolar wall appears 
to be the supporting tissue element. 

After the agents of mouse and feline 
pneumonitis have become established in 
the alveoli, they then invade the cells 
of the bronchioles in spite of the fact 
that the first contact was with these 
cells. Evidently the bronchiolar epithe- 
lium presents an initial barrier, although 
not an absolute one, since it is not im- 
pervious to the entry and to normal de- 
velopment of an occasional elementary 
body. When this barrier is overcome, the 
viruses are able to invade cells and de- 
velop intracellularly. 

Meningopneumonitis virus invades a 
few epithelial cells of the bronchioles 
throughout the infection. The epithelial 
cells of the bronchioles can be consid- 
ered as a possible but not important 
site of development for the virus of 
meningopneumonitis. 

All three viruses are seen sometimes 
in macrophages. There is no evidence 
that the viruses degenerate in the ma- 
crophages, which may support their 
development. 

When embryonated eggs are inocu- 
lated in the yolk sac or allantoic cavity, 
epithelial cells are the site of develop- 
ment. This was very well shown by Bur- 
net and Rountree (1935) and was noted 
by other workers (Rake and Jones, 
1942; Smadel, Wall and Gregg, 1943). 
Some of these agents reach very high 
titers in the yolk itself (Rake and 
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Jones, 1942) and the allantoic fluid 
(Francis and Gordon, 1945). But the 
cells lining the yolk and the allantoic 
cavity are so heavily parasitized that it 
is likely that the high titer of the viruses 
in these fluids is due entirely to the ele- 
mentary bodies released by the infected 
Furthermore, Rake and Jones 
(1 42) found that the titer of lympho- 
granuloma venereum is always higher in 
the yolk sac than in the yolk itself. 
Although both and feline 
pneumonitis viruses grow inside yolk 
cells, there may be a difference in degree 
of parasitism between these two agents. 
Feline pneumonitis virus is more rigidly 
contained within the protoplasmic 


cells. 


mouse 


strands than the agent of mouse pneu- 
monitis which also invades the vacuoles 
(compare fig. 31 and 32 with fig. 26-30). 

8. The finding of extracellular forms 
in the three viruses studied in this paper 
necessarily changes some of our basic 
concepts concerning the degree of para- 


sitism of these agents and may even 
change our concepts of viruses in general. 
Rickettsiae include extracellular para- 
sites, but viruses are usually defined as 
obligate intracytoplasmic or intranu- 
clear parasites. The definition of virus 
may have to be modified along one of 
the following two lines in order to in- 
corporate the present observations. 

a. The agents of the psittacosis-lym- 
phogranuloma group are not true vi- 
ruses. This view is consistent with that 
of several investigators who feel that 
because of their size, developmental 
cycles, and susceptibility to sulfona- 
mides and antibiotics, these agents 
should not be considered as viruses (see 
Jones, Rake, and Stearns, 1945). Re- 
cently, Rake (1948) placed these agents 
in the order Rickettsiales and in the 
family Chlamydozoaceae. 

b. These agents are true viruses: 
other viruses may develop extracellu- 
larly. The fact that Guarnieri and Negri 
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bodies are conspicuously intracellular 
does not exclude the possibility that 
the agents-of vaccinia and rabies are 
extracellular in ome stages of their 
development. A thorough histological in- 
vestigation of the relationship of many 
of these viruses to cells has not been 
undertaken because of the small size of 
these agents. Furthermore, the possi- 
bility that viruses are extracellular has 
been entertained in a few instances. 
Thus, Francis (1947) discussed the pos- 
sibility that influenza virus may not be 
an obligate intracellular parasite. Eagles 
and MacClean (1931) claimed to have 
grown vaccinia virus in cell-free medi- 
ums. Their experiments, however, could 
not be confirmed (Rivers and Ward, 
1933a and b). Recently it was claimed 
that the etiological agent of rabies can 
be cultivated in cell-free mediums (Veer- 
araghavan, 1946 and 1947). 

A further possibility which should be 
considered is the ability of the lung to 
support the development of organisms 
which are essentially intracellular n 
their metabolic requirements. This hy- 
pothesis is supported by the failure to 
see extracellular forms of the three vi- 
ruses studied in other tissues. It is also 
supported by the fact that influenza 
virus is another pneumotropic agent 
which is possibly not an obligate intra- 
cellular parasite (Francis, 1947). An- 
other organism, Rickettsia moosert, which 
is usually regarded as an intracellular 
parasite, appears to develop extra- 
cellularly in the lungs of mice and rats 
(Nyka, 1945 and 1947). 

No preference can be given to any of 
the foregoing hypotheses. A further 
understanding of the degree of parasit- 
ism of viral agents must wait for a sys- 
tematic study of their independent me- 
tabolism. 

9. Finally, the existence of extracellu- 
lar forms in viruses of the psittacosis- 
lymphogranuloma group may help us to 
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understand and to probe further into 
other properties of these agents. In par- 
ticular, since these viruses are suscepti- 
ble to sulfonamides and antibiotics, a 
histological study of them during chem- 
otherapy might elucidate some of the 
mechanisms of drug action. 

In conclusion, it can be stated that 
the psittacosis-lymphogranuloma group 
of agents have complex extracellular 
and intracellular forms and their life 
cycle can be followed by histological 
methods. They are, therefore, excellent 
material for the investigation of prob- 
lems dealing with the host-parasite 
balance as it may be affected by such 
agents as antiserums, hormones or 
drugs. 

SUMMARY 

1. The agents of mouse pneumonitis, 
feline pneumonitis and meningopneumo- 
nitis undergo a life cycle similar to that 
of other members of the psittacosis- 
lymphogranuloma group. 

2. Morphological differences among 
the three agents justify the belief that 
histological investigations may be an 
aid in their classification. 

3. In general, the three agents, when 
introduced intranasally into mice de- 
velop extracellularly as attachments to 
various cells or fibers of the walls of the 
alveoli of the lung. After the first two or 
three days of infection they also develop 
intracellularly in epithelial cells of the 
bronchioles. The agent of meningo- 
pneumonitis, however, invades a fair 
number of epithelial cells from the be- 
ginning of the infection and is occa- 
sionally seen in the cytoplasm of ma- 
crophages. The extracellular forms of 
mouse pneumonitis bulge freely into the 
lumen while those of feline pneumonitis 
and meningopneumonitis sag over the 
alveolar wall. All three infections are 
progressively acute, reach a peak of 
intensity on the 4th to 5th day, and the 
agent of meningopneumonitis declines 
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rapidly and disappears in 10 days, while 
the agents of mouse and feline pneu- 
monitis decline gradually and disappear 
in three weeks. 

4. In embryonated hens’ eggs, the 
three agents develop intracellularly in 
entodermal cells of the yolk sac and 
chorioallantoic membranes. 
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MEASUREMENT OF AEROBIC RESPIRATION IN 
LEPTOSPIRA ICTEROHAEMORRHAGIAE 


P. B. MARSHALL 


From The Wellcome Laboratories of Tropical Medicine, 
183, Euston Road, London, England 


Chang'” has recently reported on the 
nutritional and cultural requirements of 
Leptospira  icterohaemorrhagiae. Al- 
though he showed that this organism 
was an obligate aerobe, Chang was un- 
able to demonstrate any oxygen uptake 
in the Warburg respirometer by 18,000,- 
000 leptospiras over a period of 6 hours. 
In our experience in measuring the res- 
piration of trypanosomes, we would 
expect to obtain only a very small 
oxygen uptake from this number of 
trypanosomes. Since the trypanosome is 
many times larger than the spirochete, 
it seemed to us that the failure of Chang 
to obtain a measurable respiration was 
due to insufficient material in the res- 
pirometer flasks. 

We were fortunate in having available 
a strain of leptospira which produced 
very heavy growth in culture, and it 
was therefore decided to investigate the 
respiration of concentrated suspensions 
of this organism. 


METHODS 


The organism used was Leptospira icterohae- 
morrhagiae (Jackson strain) which, inoculated 
into Korthof’s medium,* produced a heavy maxi- 
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mal growth in 7-10 days when incubated at 28 C. 
Concentrated suspensions were obtained by cen- 
trifuging 250-500 ml of the culture at 10,000 g 
after addition of 1 in 1,000 final concentration of 
saponin (Schiiffner’s method). This treatment de- 
posited from 4-3} of the leptospira which were 
resuspended in a smaller volume of medium. 
No method of counting the organisms was then 
available, but dry protein weight determinations 
were carried out by precipitation with trichlora 
cetic acid and drying at 110 C. Measurements of 
the extinction coefficients of the turbid suspen- 
sions were also carried out, using a Hilger “Spek- 
ker” photoelectric absorptiometer. The dry pro- 
tein content of the concentrated suspensions 
ranged from 1.5 to 2.5 mg per ml and the ex- 
tinction coefficients from 0.5 to 0.8 per cm depth. 
After these experiments were completed, hemo- 
cytometer counts showed that a well-grown cul- 
ture contains approximately 10® leptospira per 
ml. 

Oxygen uptake was measured in conventional 
Warburg respirometers with 15 ml flasks im- 
mersed in a thermostat at 39 C. Carbon dioxide 
was absorbed by 20% potassium hydroxide in the 
center wells of the flasks. 


RESULTS 


Preliminary experiments using heavy 
cultures without concentration showed 
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Statenserum 


0.8 g 
14¢ 
0.02 g 
0.04 g 
0.04 g 


Witte peptone 
NaCl 
NaHCO; 

KCl 

CaCl, 
KH2PO, 0.24 g 
NazHPO,, 2H,0 0.88 g 
Distilled water to 1,000 ml 


Add 8% (by volume) rabbit serum and 0.8% 
(by volume) hemoglobin solution (40 ml rabbit 
blood lysed with water up to 200 ml). 





RESPIRATION OF LEPTOSPIRA 


that a slow oxygen uptake could be de- 
tected over a period of 4 hours. The 
medium alone showed no oxygen uptake 
(table 1). No stimulation of respiration 
was produced by adding lactose, maltose 
mannitol, galactose, dl-methionine, 
l-tryptophan, or /-tyrosine. In fact the 
oxygen uptake was in most cases de- 
pressed, particularly by the amino acids 


(table 2). 
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Fic 1.—Oxygen consumption of concentrated 
suspensions of leptospira. 


A. Medium alone. 
. Original culture. 
. Concentrated 6X; resuspended in inor- 
ganic salt solution. 
. Concentrated 6X; resuspended in com- 
plete Korthof’s medium. 


When the leptospiras were concen- 
trated by centrifugation and _ resus- 
pended in the inorganic salt constituents 
of Korthof’s medium (that is, without 
the peptone, serum, or hemoglobin), 
the oxygen uptake was greater than 
that of the original culture. When the 
centrifuged organisms were resuspended 
in the complete medium, the oxygen 
uptake was markedly increased in pro- 
portion to the degree of concentration 
(taking into account that not all the 
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leptospiras were deposited during cen- 
trifugation). The respiration curves for 


TABLE 1.—Oxygen consumption of 10 day cultures 
of L. icterohaemorrhagiae in 
Korthof’s medium without 
concentration. 


Mean O; 
Material 
4 hours) 


13.5 





Culture 
Medium alone 


Culture 
Medium alone 


Culture 
Medium alone 


351 Culture 
Medium alone 





Each respirometer flask contained 3 ml culture or medium. 
Determinations in duplicate. 


TABLE 2.—Effect of possible substrates on the 
oxygen consumption of unconcentrated 
cultures. 


Mean O; 
uptake 
(ul per 
4 hours) 


Exp. 


No. Substrate Conc. mg 


per flask 


325 = 
lactose 4 
maltose J 34.8 
: 1 
7 





mannitol 
galactose 


_ - 3.8 
dl-methionine 2.0 on 
l-tryptophan : 82 
l-tyrosine 2.0 .57 





Each flask contained 2 ml culture and 1 ml substrate dis- 
solved in Korthof's medium. Duplicate determinations. 


TABLE 3.—Effect of organic constituents of Kor- 
thof's medium on the oxygen consumption 
of a concentrated suspension. 


Mean O; 
uptake 
(ul per 

4 hours) 


Medium 





Inorganic salts 
Inorganic salts +Witte peptone 
Inorganic salts +Hemoglobin 
Inorganic salts-+Rabbit serum 
Complete medium 


Final concentration in respirometer flasks same as in 
complete medium. Duplicate determinations. 


leptospiras under these different condi- 
tions are shown in figure 1. 

On adding the three organic constit- 
uents of Korthof’s medium separately, 
it was shown that the rabbit serum 
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stimulated respiration almost to the 
same extent as the whole medium, 
while the peptone and hemoglobin had 
little effect (table 3). The stimulation 
was not caused by glucose present in the 
added serum, since glucose added alone 
to concentrated leptospiras depressed 
the oxygen uptake. 

In confirmation of the non-utilization 
of glucose by leptospiras the indigenous 
glucose present in the Korthof’s medium 
(from the rabbit serum) did not decrease 


TABLE 4.—The non-utilization of indigenous glu- 
cose during 10-day growth of Leptospira 
(incubated at 28 C.) 


Glucose mg/ml 


After 
10 days 
incubation 





Initial 


Medium alone _ 
Inoculated medium 





0.150 
0.145 


0.145 


during 10 days growth of a heavy cul- 
ture (table 4). 


DISCUSSION 


The experiments described above 
show that leptospiras respire aerobi- 
cally, confirming that the failure of 
previous workers to detect respiration 
was due to insufficient material in the 
respirometers. The respiratory rate dur- 
ing the first hour was of the order of 
1,500 ul O2 per hour per 10° organisms, 
and the Qo, (ul O2/hour/mg dry protein) 
approximately 25. The respiration was 
shown to be stimulated by the serum 
constituent of the culture medium, 
which therefore contains an important 
respiratory substrate or coenzyme for 
leptospira. None of the individual sub- 
stances which were tried, however, pro- 
duced any stimulation of respiration. 


P. B. MARSHALL 


It is not suggested that the other con- 
stituents (hemoglobin and peptone) of 
the culture medium are unnecessary for 
the culture of leptospira. Manometric 
experiments are of a comparatively 
short duration and indicate only the 
requirements of rapid energy-produc- 
ing metabolism. There is no doubt that 
amino acids and possible heme com- 
pounds are necessary for the slower 
processes of growth and reproduction in 
leptospira. 

Meanwhile, it is interesting to record 
negatively that carbohydrate (the usual 
substrate for rapid metabolism) is not 
the source of energy for leptospira, 
which is in agreement with the findings 
of Chang.? On the positive side, these 
preliminary studies indicate that an 
important energy-producing substrate 
or a vital co-factor may be present in 
rabbit serum, though the possibility of 
increased respiratory activity due to the 
removal of toxic substances by the 
protein-binding action of serum albu- 
min (Davis*), must not be overlooked. 


SUMMARY 


1. Heavy cultures of Leptospira icter- 
ohaemorrhagiae were used to measure 
aerobic respiration of the organism by 
the standard Warburg technique. 

2. Leptospira concentrated by centri- 
fugation in 1 in 1,000 saponin solution 
showed enhanced respiration compar- 
able with the degree of concentration. 

3. The respiration of concentrated 
leptospira was markedly stimulated by 
rabbit serum, but not by carbohydrates, 
amino acids, hemoglobin, or peptone. 


3. Davis, B. D. 1946, Am. Scientist. 34: 611. 
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Studies on the pathology of exper- 
imental influenza virus pulmonary 
infections in  swine,' ferrets,?*-45.6 
mice,?:7-5.9.10,11.12.13 monkeys, and other 
animals®'* have been reported. The 
usual method of inducing infection was 
the intranasal instillation of varying 
amounts of virus suspension, depending 
on the size of the experimental animal. 
There is general agreement concerning 
the pathogenesis of the early lesions. In 
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persed in fine droplet form). The sever- 
ity of the disease was found to depend 
on the amount of virus inhaled. Infec- 
tions could be produced which would 
result in the involvement of as many as 
four lobes of the lungs with survival of 
the animals. A brief description of the 
pathology of the air-borne influenza in- 
fections was included in this report. 

This investigation, employing the air- 
borne method of inoculation of In- 
fluenza A virus in mice, was made in an 
effort to shed further light on the patho- 
genesis and histopathology of the pul- 
monary lesion. The methods of fixing 
and staining for the microscopic obser- 
vations were similar to those employed 
by the author during previous studies 
concerning the histology of the mam- 
malian lung and the pathogenesis and 
histopathology of experimental Type I 
pneumococcus infections in dogs and 
monkeys.!8.19.20 


18. Loosli, C. G. 1937, Interalveolar Communi- 
cations in Normal and in Pathologic Mam- 
malian Lungs. Arch. Path. 24: 743-776. 
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Exper. Med. 75: 657-672. 
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MATERIALS AND METHODS 


Mice.—A Swiss strain of mice weighing from 10 
to 15 g was employed. They were obtained from 
Mr. Stanley C. Miller of Germantown, New 
York. This strain of mice does not carry latent 
viruses which cause pneumonitis." 

Influenza virus.—Influenza virus Type A (PR- 
8 strain) was employed. It was kindly supplied by 
Dr. Thomas Francis, Jr. Mouse lung suspensions 
were prepared, as described in a previous report,!” 
and kept at —70 C in a dry-ice chest. Stock 
quantities of the virus-lung suspensions were pre- 
pared by exposing a group (40-50) of mice in a 
60-liter chamber for 40 minutes to an atmosphere 
in which was sprayed 2 to 2} cc of 10~ dilution 
of virus-lung suspension. The mice were then 
sacrificed after 72 hours, their lungs removed, 
weighed, and ground, employing sterile sand. Ten 
per cent normal horse serum in broth was used as 
the diluent. The material was stored as a 107 
dilution in the dry-ice chest. When higher dilu- 
tions were desired, they were made up immedi- 
ately preceding an experiment. 

Technique of air-borne inoculation,—Groups of 
animals were placed in a 60-liter chamber, as has 
been described, and exposed to atmospheres con- 
taining sublethal concentrations of virus.'? These 
studies showed that for animals to survive and 
yet show multiple lobe lesions it was necessary 
to expose them for 15 minutes to 0.25 to 0.3 cc 
of 10 or 10~* dilutions of nebulized virus sus- 
pension. 

In this study, a total of 150 mice were exposed 
to the infectious atmosphere in three groups. 
Forty were exposed for 15 minutes to an atmos- 
phere into which had been sprayed 0.26 cc of 
10-3 dilution of virus; 70 following spraying of 
0.28 cc of 10° dilution of virus; and 40 follow- 
ing spraying of 0.3 cc of 10~ dilution of virus. 


PLATE 1 


Fic. 1. Lowpower photomicrograph of section of expanded normal lung of a mouse showing re- 
spiratory portion of air passages. Hematoxylin-eosin-azure II stain. 100. 


Fic. 2. 


to infectious atmosphere. a- 


-Photograph of gross specimen of lungs of mice killed at increasing intervals after exposure 
Normal lung. b—at 48 hours. c—at 4 days. d—at 5 days. e—at 6 days. 


f—6 days shortly after death. Dark areas in 4-, 5-, and 6-day specimens are areas of consolidation and 


atelectasis. <2. 
Fic. 3. 


-Lowpower photomicrograph of section of lung of mouse killed at 24 hours after exposure 


to atmosphere containing influenza virus. Only focal areas of involvement characterized by exudation 
of polymorphonuclear leucocytes into bronchi are seen. Hematoxylin-eosin-azure II stain. «110. 


Fic. 4.—Medium highpower photomicrograph of section of mouse lung at 24 hours. Some of the 
bronchial lining cells are beginning to show degenerative changes as noted by their pale staining. 
Leucocytes are migrating (arrow) through the bronchial wall. Hematoxylin-eosin-azure II stain. 600. 
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PATHOLOGY OF EXPERIMENTAL INFLUENZA 


Lots of 5 mice were then killed at increasing 
intervals of time after exposure to follow the de- 
velopment of the pulmonic lesions. The schedule 
of killing was 5 animals at daily intervals up to 
21 days, and 5 at 4, 5, 6, 8, 10, and 12 weeks after 
exposure to the virus-laden atmosphere. The re- 
maining animals died or were employed in other 
experiments. 

Preparation of the lungs.—Each animal was 
killed with a lethal dose of pentobarbital sodium 
(15 mg intraperitoneally). After respiration had 
ceased, the mouse was immediately pinned to the 
animal board, its trachea exposed, and a ligature 
placed loosely about it. Its chest was opened and 
a thread ligature placed about the base of the 
heart, which was then squeezed with a flat-nosed 
clamp, and the ligature tied. This maneuver was 
carried out to keep the capillaries filled with the 
animal blood so they would not collapse when 
the lungs were filled with fixing fluid. After the 
heart was squeezed and tied, Zenker-formal 
solution was injected slowly, employing a 1 cc 
syringe and a 20-gauge needle, into the trachea 
until the lungs again filled the chest cavity. The 
trachea was tied and the heart and lungs removed 
in toto and placed in the fixative for from 6 to 12 
hours.!8 

After fixation, the heart and ligature about the 
trachea were removed. The lungs were washed, 
imbedded in paraffin, sectioned in toto, and 
stained by (a) the hematoxylin-eosin-azure II 
and (b) Mallory’s azan techniques." 


. Buchsbaum, R. and Loosli, C. G. 1936, 
Methods of Tissue Culture and Histological 


Techniques. Univ. of Chicago Press, Chicago. 
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In order to avoid traumatizing the unfixed 
tissue, only superficial inspection of the lungs 
was made after the chest was opened to note the 
nature and distribution of the lesions. Also, the 
lungs used for histological study were not cul- 
tured. The lungs of animals exposed to atmos- 
spheres of influenza virus in other experiments 
and cultured in broth by the pour-plate method, 
however, were invariably found to be sterile. 

Neutralization tests were carried out from 
time to time to test the etiologic specificity of the 
pathological process as previously described.” 

The heads of mice killed at increasing inter- 
vals of time after infection were fixed in Zenker- 
formal solution and sectioned for study for evi- 
dence of involvement of the nasal passages. 


RESULTS 


Clinical observations.—Animals_ ex- 
posed to lethal atmospheres of virus 
began to show illness as early as the 
second day. They failed to eat, their 
respiratory rates increased, and their fur 
became ruffled. Some of the more se- 
verely ill developed a crusty discharge 
about their external nares. The animals 
appeared in this state until they were 
killed or succumbed. Animals exposed 
to sublethal virus concentrations showed 
varying degrees of clinical illness. Those 
which showed considerable pulmonary 
consolidation at the time they were 
sacrificed usually exhibited evidence of 
illness as indicated by their listlessness 





PLATE 2 


Fic. 5.—Lowpower photomicrograph of section of lung of mouse killed 48 hours after exposure to 
atmosphere of influenza virus. Focal areas of inflammation are present characterized by perivascular 
and peribronchiolar cellular infiltration and congestion of the alveolar capillaries with leucocytes. 


Hematoxylin-eosin-azure II stain. 100. 


Fic. 6.—Medium highpower photomicrograph of section of lung of mouse killed at 48 hours. 
Bronchial lining cells show marked swelling (compare with fig. 4). Some of the bronchial epithelial 
cells have shed and others are shedding their cytoplasm containing dark staining granular material, 
presumably virus. Hematoxylin-eosin-azure II stain. X600. 

Fic. 7.—Lowpower photomicrograph of section of lung of mouse killed at 72 hours. The inflamma- 
tory process is more extensive. The alveolar capillaries are congested; a cellular exudate appears in 
the alveolar spaces. The bronchial lining cells appear to be completely destroyed. Hematoxylin-eosin- 


azure ITI stain. X100. 
Fic. 8. 


-Medium highpower photomicrograph of section of lung of mouse killed at 72 hours. The 


bronchial surface is covered with cellular debris and darkly staining virus granules. Under debris is a 
layer of flattened cells. These cells are bronchial epithelial cells after shedding their virus containing 
cytoplasm. Hematoxylin-eosin-azure II stain. «600. 
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and failure to eat and gain weight. Ani- 
mals showing consolidation of two or 
less lobes manifested little evidence of 
illness. 

Gross appearance of lungs.—The lung 
of the mouse has 5 lobes, a single left 
lobe, and on the right, upper, middle, 
lower, and subcardiac lobes. The small 
subcardiac lobe communicates with the 
main stem bronchus on the right. The 
lungs of the animals sacrificed after 5 
days usually showed well-defined and 
varying amounts of consolidation in- 
volving in some animals all 5 lobes. In 
animals showing consolidation in three 
or less lobes, the single left lobe was 
most frequently involved, while the sub- 
cardiac and right middle lobes were the 
least frequently infected. 

In animals which were subjected to 
sublethal atmospheres of influenza virus 
and killed at increasing intervals of time 
after exposure, the first gross lesions ap- 
peared as pinpoint edematous red areas 
on the surfaces of the lungs at 48 hours 
(fig. 2b). At 3, 4, 5, and 6 days these 
lesions became progressively larger and 
coalesced to produce large, deep red 
areas of consolidation (fig. 2c, d, e). 
The lungs of animals dying of the air- 
borne infection appeared to show essen- 
tially complete consolidation (fig. 2f). 
Some animals showing approximately 
80 per cent lung consolidation survived. 


Grossly, lung lesions in surviving ani- 
mals appeared as grayish, atelectatic 
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areas involving a part or the whole of a 
lobe. 

Microscopic appearance of lungs: Nor- 
mal mouse lung.—Compared to the lung 
of man, the respiratory lobule of the 
lung of a mouse is a rather simple struc- 
ture. Respiratory bronchioles are ab- 
sent, and the terminal bronchioles 
communicate directly with the alveolar 
ducts. The alveoli are small, measuring 
from 20 to 40 » in diameter (fig. 1). The 
mucous glands are only occasionally 
present in the lining membrane of the 
trachea and are absent in the membrane 
lining the bronchi of all sizes. Likewise, 
the cartilage plates in the wall of the 
trachea terminate after the bronchi 
enter the lung tissue at the hilum. The 
epithelial covering of the trachea and 
bronchi is made up of a single layer of 
cells composed of goblet cells, ciliated 
and non-ciliated columnar epithelial 
cells, and smaller ciliated and non- 
ciliated polyhedral cells. As the bronchi 
become smaller, the ciliated and goblet 
cells become fewer. In the 
bronchioles they are absent. 

At the junction of the terminal 
bronchiole with the alveolar duct, the 
cuboidal epithelial cell membrane ter- 
minates abruptly. A flattened mem- 
brane covering the surfaces of the 
alveolar ducts and alveoli which is con- 
tinuous with the bronchial lining cells 
has not been demonstrated. The septal 
cells (the isolated epithelial cells of the 


terminal 





PLATE 3 


Fic. 9. 


-Lowpower photomicrograph of section of lung of mouse killed at 5 days after exposure to 


infectious atmosphere. The alveolar walls are thickened and the spaces contain an exudate composed 
principally of round cells in addition to some edema and red cells. Hematoxylin-eosin-azure II stain. 


100. 


Fic. 10.—Lowpower photomicrograph of section of lung of mouse killed at 6 days. The air spaces 
have been expanded by fixing fluid. In this specimen there is considerable serous precipitate in the air 
spaces. The alveoli along the distended alveolar duct have collapsed. The bronchial epithelium shows 
no regeneration. Hematoxylin-eosin-azure II stain. 100. 

Fic. 11.—Medium lowpower photomicrograph of section of lung of mouse killed at 6 days. The 
exudate cells are essentially hematogenous lymphocytes and monocytes. There is considerable edema 
in the spaces and a few red blood cells. The bronchial epithelium has not yet repaired itself. Hema- 


toxylin-eosin-azure .I stain. X400. 
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older authors) are seen scattered over 
the surface of the alveolar walls lying 
usually at the interstices of the septa. 
They are intimately associated with the 
connective tissue elements of the walls 
and most likely represent the fibroblasts 
which elaborate the connective tissue 
and elastic fibers and interstitial ground 
substance. The capillaries embedded in 
the ground substance are abundant and 
form a single network which bulges into 
the adjacent alveolar spaces. Alveolar 
pores are abundant. The veins of the 
mouse lung contain cardiac striated 
muscle. Lymphatic channels and lymph- 
oid tissue are not readily apparent in the 
pleura and bronchial and vessel walls. 

Infected lungs: At 24 hours after ex- 
posure.—The alveoli are free of exudate. 
A few areas show an accumulation of 
leucocytes in the capillaries of the septa. 
Leucocytes appear in the lumen of an 
occasional bronchus, where they are 
seen migrating from the surrounding 
connective tissue through the intact 
epithelial cells (fig. 4, arrow). A few 
tracheal and bronchial epithelial cells 
show an accumulation of intracyto- 
plasmic basophilic inclusions. Some cells 
appear pale on staining but in general 
the membrane shows little change 
(fig. 4). 

At 48 hours.—There is definite evi- 
dence of focal areas of inflammatory 
reaction throughout the lung substance. 
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In these areas leucocytes congest the 
capillaries and are migrating into the 
alveoli. The tissue cells of the alveolar 
walls show no change. The septa appear 
to be thickened due to congestion of the 
capillaries with leucocytes (fig. 5). The 
bronchial epithelial cells are definitely 
larger and pale on staining. Some are 
undergoing degenerative changes. The 
intracytoplasmic inclusions are more 
abundant and are located in that por- 
tion of the cytoplasm between the nu- 
cleus and the free surface of the cell 
(fig. 6). Some of the epithelial cells ap- 
pear to have shed or be shedding their 
virus-filled cytoplasm (fig. 6, arrow). 
Similar changes in epithelial cells lining 
the trachea can be seen. 

At 72 hours.—The inflammatory re- 
action is more pronounced both in the 
bronchial walls and the peripheral por- 
tion of the lungs. The bronchial epi- 
thelial cells (all types) show marked 
destruction (fig. 7 and 8). The baso- 
philic granules (presumably virus ma- 
terial) in the cytoplasm are abundant. 
Many bronchi appear to be completely 
denuded of an epithelial covering. Close 
inspection, however, reveals flattened 
nucleated cells (fig. 8). This flattened 
cellular layer is not present in the nor- 
mal lung and appears to be derived from 
the surviving cells which have shed 
their infected cytoplasm, leaving only 


the nuclei surrounded by a _ small 





PLATE 4 


Fic. 12.—Lowpower photomicrograph of section of lung of mouse killed 7 days after exposure to 
infectious atmosphere of influenza virus. There is further consolidation and atelectasis of respiratory 
portion of lung. The bronchial epithelial cells show beginning proliferation and stain deeply basophilic 


(arrow). Hematoxylin-eosin-azure II stain. X45. 


Fic. 13.—Highpower photomicrograph of bronchiole (B) in figure 12 showing hyperplastic stratified 
bronchial epithelial cells. Hematoxylin-eosin-azure II stain. X 500. 

Fic. 14.—Highpower photomicrograph of section of lung of mouse killed at 9 days. The regenerating 
bronchial epithelial cells are beginning to grow into the distal atelectatic alveolar ducts and alveolar 


spaces. Hematoxylin-eosin-azure II stain. X500. 


Fic. 15.—Lowpower photomicrograph of section of lung of mouse killed at 10 days. Note the marked 
adenomatous proliferation of the bronchial lining cells (deeply stained areas) which have grown into the 
surrounding atelectatic air spaces. Hematoxylin-eosin-azure II stain. X45. 








162 


amount of cytoplasm. No mitotic figures 
are seen in these surviving cells (fig. 8). 

The alveoli show varying amounts of 
exudate consisting of polymorphonu- 
clear leucocytes and lymphocytes, 
plasma cells, and a few red blood cells 
and edema fluid (fig. 7). The alveolar 
walls are thickened due to the conges- 
tion of capillaries and swelling of the 
stroma cells so that the lumen of the 
alveoli appear smaller than in the nor- 
mal lung. A hyaline membrane lining 
the bronchi and alveoli ducts is not seen. 

At 4, 5, and 6 days.—At these stages 
after infection, the inflammatory reac- 
tion becomes increasingly more exten- 
sive and intense. The involved lobes 
show considerable atelectasis but can be 
re-expanded with fixative without diff- 
culty. At 6 days (fig. 9, 10, and 11) there 
is no pronounced regeneration of the 
bronchial epithelium. Although the sur- 
viving epithelial cells stain more deeply 
basophilic, no mitotic figures are seen in 
them. There is a marked cell infiltration 
in the bronchial connective tissue. 

As in the 72-hour lesions, the alveolar 
walls are thickened, due principally to 
the large number of leucocytes in the 
capillaries and swelling of the stroma 
cells (fig. 9). The latter are pale on 
staining but show no mitotic figures or 
degeneration. The exudate is edematous 
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and contains red blood cells and a 
moderate number of mononuclear cells 
of varying sizes and morphological ap- 
pearances from the small lymphocyte to 
the typical macrophage (fig. 11). A 
hyaline membrane is not seen on the 
surfaces of the bronchi or air spaces. 

At 7 days.—There is a definite begin- 
ning proliferation of the lining cells of 
the bronchi and trachea (fig. 12). The 
young epithelial cells stain deeply baso- 
philic and appear as isolated groups or 
sheets. Numerous mitotic figures are 
now seen in the hyperplastic cells which 
show a stratified type of membrane 
(fig. 13). The respiratory portion of the 
lungs shows, in addition to consolida- 
tion, moderate atelectasis with only the 
bronchi and some of the alveolar ducts 
remaining patent (fig. 12). Considerable 
cellular exudate composed of lympho- 
cytes and monocytes is present (fig. 12). 

At 8, 9, and 10 days.—These stages 
show increasing and rapid proliferation 
of the bronchial epithelial cells. Growth 
does not stop after the membrane re- 
pairs itself but continues to grow pe- 
ripherally into the surrounding col- 
lapsed alveolar ducts and alveoli (fig. 
14, 15, and 16). The bronchi at 10 days 
became so obstructed with hyperplastic 
epithelium that the involved lobes can- 
not be re-expanded with fixing fluid 


Fic. 16.—Lowpower photomicrograph of section of lung of mouse killed 10 days after exposure to 
infectious atmosphere of influenza virus. Epithelial cell masses which have grown into the surrounding 
collapsed air spaces. Bronchial mucous membrane is greatly thickened. Hematoxylin-eosin-azure II 
stain. X250. 

Fic. 17.—Lowpower photomicrograph of section of lung of mouse killed at 14 days. Note organiza- 
tion of exudate in lumen of bronchioles. In areas where the epithelium has failed to regenerate, the 
exudate is undergoing organization. Hematoxylin-eosin-azure II stain. 100. 

Fic. 18.—Highpower photomicrograph of section of lung of mouse killed at 14 days. The hyper- 
plastic epithelial cells which have grown into the collapsed air spaces have undergone squamous 
metaplasia. Hematoxylin-eosin-azure II stain. 400. 

Fic. 19.—Highpower photomicrograph of section of lung of mouse killed at 21 days. The metaplastic 
squamous cells have degenerated, leaving cyst-like spaces lined by low cuboidal epithelial cells. 
Hematoxylin-eosin-azure II stain. 400. 
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(fig. 15). Grossly these areas could be 
seen as small white nodules resembling 
tumor the surface of the 
lungs. The alveolar spaces not involved 
by the ingrowth of bronchial epithelium 
contain inflammatory exudate. The 
alveolar septa are similar in appearance 
to those in the 6-day lesion. Other areas 
show beginning fibrosis and organization 
of the exudate in the air spaces and small 
bronchi. In some areas of the 10-day 
lesions, the hyperplastic epithelium 
which has grown into the collapsed lung 
tissue has begun to undergo squamous 
cell metaplasia (fig. 16). 

At 14 days.—At 12, 13, and 14 days, 
the squamous cell metaplastic change of 
the epithelial cells’ growths becomes 
more pronounced. At 14 days, typical 
stratified arrangement of the cells show- 
ing intercellular bridges can be seen. 
Some of the plaques have begun to 
undergo hyaline degeneration at their 
centers (fig. 18). Other portions of the 
lung not invaded by epithelial out- 
growth shows extensive focal primary 
fibrosis with obstruction of the small 
bronchioles and focal organization of the 
exudate (fig. 17). In between these areas 
are expanded alveoli containing varying 
amounts of exudate composed princi- 
pally of macrophages. 

At 21 days.—As the age of the lesion 
increases, the squamous cell plaques 
show progressive degeneration so that at 
three weeks there results the develop- 


masses on 
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ment of thick-walled cyst-like spaces 
filled with amorphous debris (fig. 19). 
The spaces are lined by a deeply stain- 
ing single layer of low cuboidal cells. 
The walls of these spaces vary greatly 


in thickness and show varying amounts 
of cellular infiltration. Capillaries are 
numerous in the thickened walls, indi- 
cating that they are probably made up 
of collapsed alveoli (fig. 19). A study of 
serial sections shows that these spaces 
communicate with 
bronchi. 

At 6 weeks.—The pulmonary altera- 
tions seen in the 6-week lesion are es- 
sentially the same as noted at 21 days. 
The cystic spaces are somewhat larger 
and contain less debris. They continue 
to be lined by low cuboidal epithelial 
cells (fig. 20) and show fewer capillaries 
in their walls. As in the 3-week lesion, 
these walls vary greatly .in thickness 
and resemble in no 


normal-appearing 


way the normal 
architecture of the respiratory lobule. 
(Compare fig. 1 and 20.) 

At 3 months.—The influenza lesions 
still persist as grossly shrunken atelec- 
tatic areas which contain microscopi- 
cally marked alterations of the paren- 
chyma of the lung (fig. 21). In figure 21 
(right) is shown a section of lesion with 
epithelial hyperplasia and ingrowth into 
the surrounding lung spaces. On the left 
is a section of a functioning lobe with 
peripheral scarring (arrow) leacing to 
contraction of the pleura. 


PLATE 6 


Fic. 20.—Lowpower photomicrograph of air-borne influenzal lesion in lung of mouse killed 6 weeks 
after exposure to infectious atmosphere. Note the complete alteration of the normal lung structure 
(compare with fig. 1). The cystic non-respiratory functioning spaces are lined by low cuboidal epithelial 


cells. Hematoxylin-eosin-azure II stain. X250. 


Fic. 21.—Lowpower photomicrograph of section of lung of mouse killed at three months. Note 
persistence of lesion (right) which is characterized by marked hyperplasia and growth of bronchial 
epithelium into surrounding lung tissue. Normal functioning lung tissue is seen on left with old healed 
lesion under pleura. Hematoxylin-eosin-azure II stain. X45. 
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Nasal epithelium.—tIn this series of 
animals there was essentially no reaction 
to the inhaled virus noted in the mucous 
membranes of the nose. In the early 
stages there appeared to be an increase 
in the number of cells in the submucous 
connective tissue and slight invasion of 
the epithelial membrane with leuco- 
cytes, but no degenerative changes were 
observed as were noted in the lining of 
the bronchial tree. Animals dying on the 
5th and 6th days sometimes showed a 
serous discharge from the nose but this 
was considered to have come from the 
lungs, which exhibited extensive pul- 
monary edema. 


DISCUSSION 


Nebulized influenza virus introduced 
into the respiratory tract of mice 
through the normal process of breathing 
sets up an inflammatory reaction which 
is similar to that produced by the intra- 
nasal inoculation of liquid-virus sus- 
pensions as has been described by 
others.?:7-§.9.10-11,12.13 Swine and types A 
and B influenza virus strains all produce 
essentially the same histopathological 
picture in mice."?-!3 Since the original 
studies of the isolation of these virus 
strains employing pigs,' ferrets,?* 456 
mice,*:7:5.9.19.11,12.13 and other susceptible 
animals (monkeys and hedgehogs'), it 
has been recognized that all parts of the 
respiratory tract may be involved in the 
pathologic process. 

In influenza studies employing the 
ferret and hedgehog,?***'5 the inflam- 
matory cularly pro- 
nounced in the nasal passages, as well as 
the lower parts che respiratory tree 
and pulmonary parenchyma. Mice, on 
the other hand, exhibit an infectious 
process confined to the lower trachea, 
bronchial tree, and lungs."!+!?.18 

Acute influenza infections of the re- 
spiratory tract, as is shown in this study 
and previously reported by others, are 
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characterized by destruction of the 
mucous membrane followed by an exu- 
dation of leucocytes and edema fluid 
into the lumina and surrounding con- 
nective tissue. In the case of the lungs, a 
lobular pneumonia occurs showing a 
thickening of the alveolar walls and an 
exudate containing edema fluid, red 
blood cells, varying number of poly- 
morphonuclear leucocytes, lympho- 
cytes, and monocytes. Some investiga- 
tors describe a_ destruction and 
desquamation of the “alveolar lining 
cells.’"?4-"2 In this study, the septal 
cells (alveolar epithelial cells), although 
they became swollen to produce a 
thickening of the alveolar walls, did not 
become detached. The thickening of the 
alveolar walls was due to the congestion 
of the capillaries with leucocytes and to 
individual swelling but net proliferation 
of the parenchyma cells, including the 
septal cells. 

Particular attention was paid to the 
manner of destruction and repair of the 
membranes lining the bronchial tree 
and respiratory portion of the lungs. 
The observations in the acute phases of 
the pathological progress in mice are in 
general agreement with those _ of 
Straub,*:* Oliphant and associates,':” 
and Dubin." It would appear, however, 
in this study, that although the bron- 
chial membrane appears to be com- 
pletely destroyed by the virus, many of 
the cells actually survive the attack by 
shedding that portion of their cyto- 
plasm in which the virus multiplies. 
With the shedding of their cytoplasm, 
these cells remain attached to the base- 
ment membrane and serve as the source 
of cells which later undergo an active 
phase of proliferation and metaplasia, 
resulting in a membrane consisting of 
stratified squamous epithelial cells, 
which is characteristic of the histological 
changes in later stages in mice and other 
susceptible animals.®.*-§.9!12.13 Further 
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study of the survival of ‘‘virusized’’ 
epithelial cells, their relation to resist- 
ance to re-infection” and subsequent 
proliferative changes is being carried 
out. 

This study confirms the observations 
of Straub*.* arid Dubin" that the hyper- 
plastic regenerating epithelial cells ob- 
struct the bronchioles and grow pe- 
ripherally as a syncytial mass into the 
surrounding collapsed alveolar ducts 
and alveoli. The squamous masses then 
undergo degneration, resulting in cyst- 
like spaces, which communicate with the 
bronchial tree. Histologically, these 
cystic areas have no resemblance to the 
normal lung parenchyma and cannot be 
considered as alveolar ducts and alveoli 
which become epithelialized. Such path- 
ological changes were shown to persist in 
animals killed three months after expo- 
sure to the infected atmosphere. Straub 
has shown, however, that they may per- 
sist in mice for as long as two years after 
infection.*-* Although metaplastic 
changes in the bronchial epithelium 
have been shown to occur** during the 
recovery state in ferrets and monkeys, 
such adenomatous growths, with ob- 
struction of the bronchioles which oc- 
curs in mice, have not been reported. 
This may be due to the fact that the 
terminal bronchioles and alveolar ducts 
in the ferret and monkey are much 
larger than those of mice. As has been 
noted by other investigators, the influ- 
enza lesions induced in animals are 
quite similar to those reported in man 
during the epidemic of 1918.7 


22. Stuart-Harris, C. H. and Francis, Jr., T. 
1938, Studies on the Nasal Histology of Epi- 
demic Influenza Virus Infection in the Ferret. 
Il. The Resistance of Regenerating Respira- 
tory Epithelium to Reinfection and to Physico- 
chemical Injury. J. Exper. Med. 68: 803-812. 

. Winternitz, M. C., Wason, I. M. and Mc- 
Namara, F. P. 1920, The Pathology of In- 
fluenza. Yale University Press, New Haven, 
Connecticut. 
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Lung parenchyma which does not be- 
come epithelialized by ingrowth of 
bronchial epithelial cells may undergo 
primary fibrosis or resolution and as- 
sume its respiratory function. In such 
areas, the septal cells (alveolar epithelial 
cells) do not proliferate to an extent to 
form a continuous membrane over the 
capillary surfaces. 

In this series of pneumonic lungs, 
hyaline membrane formation was not 
observed." -!?-18 The pathogenesis of such 
membranes is not clearly understood 
but it may be due to certain agonal 
changes. The absence of such mem- 
branes in this series of influenza lungs 
may well be due to the fact that animals 
were all sacrificed and the lungs fixed 
immediately after death by intra- 
tracheal injection of the fixing solution. 


SUMMARY 

The pathogenesis and pathology of 
experimental air-borne Influenza A in- 
fection in mice were studied ‘from its 
earliest inception through recovery. 
This technique of inoculation has the 
advantage of preventing nonspecific 
respiratory tract changes which may re- 
sult from the anaesthetic and the intro- 
duction of the virus in a fluid men- 
struum. 

The pathogenesis and pathology of 
experimental air-borne influenza infec- 
tions in mice is a dynamic one and is 
best studied in relation to the age of the 
lesions. The pathological changes are 
similar to those described by others em- 
ploying mice as the experimental ani- 
mal. There was evidence in this study 
that the bronchial epithelial cells are 
not completely destroyed by the virus. 
After invasion by the virus, these cells 
shed that portion of the cytoplasm in 
which the virus grows, leaving only the 
nucleus surrounded by a small amount 
of cytoplasm. 
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These surviving cells then undergo 
marked proliferation, obstruct the ter- 
minal bronchioles, and grow peripher- 
ally into the collapsed alveolar ducts 
and alveoli. As they do so, metaplastic 
changes giving rise to stratified squa- 
mous epithelium occur. This membrane 
eventually degenerates, leaving cystic 
spaces lined by low cuboidal epithelial 
cells. Such spaces have no structural re- 
semblance to alveolar ducts and alveoli 
but may persist in the lungs as non- 
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respiratory functioning areas for the life 
of the animals. 

Other areas not epithelialized may 
undergo primary fibrosis or revert to its 
functioning state. The septal cells 
(alveolar epithelial cells) are not de- 
stroyed or desquamated in the early 
phases of the inflammatory process but 
may undergo swelling. At no time do 
they proliferate to form a continuous 
cellular membrane over the surface of 
the capillaries. 
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During the past few years there has 
been a revival of interest in the study 
of immune serums prepared against 
specific organs. Pomerat, Frieden and 
Yeager (1947) have reviewed the im- 
portant early investigations of Metch- 
nikoff, Bordet, Cantacuzéne, and Bes- 
redka, as well as the recent work of 
“Bogomolets and others who have con- 
tributed to the development of this un- 
usual form of serotherapy. The inves- 
tigations of anti-organ preparations have 
been guided by the hypothesis that 
whereas certain substances administered 
in large amounts have damaging effects 
on an organism, minute doses of the 
same material may have a stimulating 
action. It is the latter effect that has 


been stressed by Bogomolets (1943) and 
his colleagues in their investigations on 
the potentialities of anti-reticular cyto- 
toxic serum (ACS of Bogomolets; REIS 
of Pomerat and Anigstein, 1945) as a 
therapeutic agent. 


Harmful doses of anti-organ immune 
serums may be studied with profit for 
several reasons: their damaging effects 
may serve to guide the histologic evalu- 
ation of the stimulating action of other 
preparations, they may help clarify the 
character of a serum, and they serve as 
an experimental tool whereby additional 
evidence may be obtained concerning 
the complexities of defense reactions. In 
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1945 Anigstein and Pomerat demon- 
strated that an intraperitoneal injec- 
tion of 1 ml of anti-rat REIS resulted in 
the development of bartonellosis in car- 
rier rats, as did splenectomy. In accord 
with investigators utilizing other ap- 
proaches to the problem, they concluded 
that the change from a latent to an ac- 
tive form of haemobartonella infection 
had resulted from blockading the retic- 
ulo-endothelial system. Weinman (1944) 
has reviewed the accumulated evidence 
supporting such a conclusion. 

The present investigation was initi- 
ated at the suggestion of Professor W. 
H. Taliaferro to compare the effects of 
a damaging dose of anti-blood immune 
serum with those of a similar dose of 
REIS when administered to rats car- 
rying Haemobartonella muris. As Frieden, 
Pomerat and Anigstein (1945) indenti- 
fied the inhibitory factor of REIS with 
the globulin fraction, both whole and 
fractionated antiserums were tested. 

A report of the anemia produced in 
such carrier rats following treatment 
with the above immune serums has been 
published by Pomerat, Frieden and 
Yeager (1947). They demonstrated that 
a single injection of a homologous anti- 
blood immune serum would rapidly pro- 
duce an anemia of the regenerative type. 
The damaging factor was found to be 
present in the globulin but not in the al- 
bumin fraction. Although the differential 
blood picture resembled that of experi- 
mentally produced bartonellosis, no rats 
injected with the antiserum actually de- 
veloped bartonellosis, and it was con- 
cluded that the anti-blood serum had 
not acted as a blockading agent for the 
reticulo-endothelial system. It was con- 
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sidered probable that only circulating 
cells were involved in the original dam- 
age caused by the injected serum. 

The present study reports the cellular 
reactions in the tissues of rats used in 
the above experiments and a comparison 
with reactions of rats having bartonel- 
losis. 


MATERIALS AND METHODS 


Table 1 indicates that animals in group 1 re- 


ceived 1 ml of anti-blood immune serum in- 


traperitoneally. This antiserum was prepared 


TABLE 1. 


Final erythrocyte 


Animal number count (millions) 


1. Whole anti-blood immune serum 
59 6 


51 
63 
67 
69 
84 
86 
107 





. Albumin fraction of anti-blood immune serum 
7.0 
8.9 
§.2 
6.7 


7 
6.6 


Globulin fraction of normal rabbit serum 


5.¢ 
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the rats were killed two or three days, or in a tew 
instances, 15 days after a single injection of anti- 
serum (table 1). As the animals were sacrificed 
primarily for blood studies, the intervals at which 
they were killed did not allow as complete a 
study of the morphologic changes as might be 
desired. Even this inadequate series, however, 
provided a basis for comparing the histologic 
effects of single injections of whole anti-blood 
immune serum with those of its globulin and 
albumin fractions, and with the cellular reactions 
of haemobartonella infected rats as reported by 
other investigators. 

Immediately after the animals were decapi- 
tated, samples of spleen, mesenteric lymph node, 


-Final erythrocyte and leucocyte counts in rats injected with anti-blood immune serum.* 


Killed or splenectonized. 
(Days after injection) 


Final leucocyte 
count (thousands) 


* For detailed graphs see Pomerat, Frieden and Yeager (1947). 


according to the technique described by Pome- 
rat, Frieden and Yeager, in rabbits given 5 in- 
travenous injections of unwashed buffy layer of 
rats’ blood. Animals in group 2 received single 
injections of the globulin fraction of this anti- 
blood serum (fractionated by E. H. F.), while 
group 3 received the albumin fraction. The 
fractionated antiserum was administered in doses 
calculated according to the dilution factor of each 
fraction, to make the total amount injected 
comparable to 1 ml of whole anti-blood serum. 
Rats injected with similar amounts of normal 
rabbit serum and untreated animals served as 
histologic controls, 

In some instances only the spleens were avail- 
able for study following splenectomy; in others 


liver, adrenal, and pituitary gland were re- 
moved and fixed in Helly’s solution. The other 
adrenal was fixed in Nassonov-Kolatchev and 
osmicated to retain the specific granules of the 
cortical cells. In some instances thymus and lung 
were also preserved. Tissues were embedded in 
paraffin and sectioned at 5y, except the pituitaries, 
which were cut serially at 34. Appropriate stain- 
ing techniques were employed to facilitate the 
cytologic analysis of the various organs: lymphoid 
organs were stained in hemotoxylin-eosin-azure 
and in hemotoxylin and eosin; Helly-fixed 
adrenals in hemotoxylin and cosin, and post-os- 
micated ones left unstained; pituitary in Heiden- 
hain’s azocarmine. In addition, many slides of 
spleen and liver were stained with Unna’s 
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pyronin-methyl green, both with and without 
previous treatment with ribonuclease, as de- 
scribed by Brachet (1940a and b) for the detec- 
tion of ribonucleic acid. Sections of spleen and 
liver were also stained with Feulgen’s technique 
for detection of desoxyribonucleic acid. 


Lymph nodes 


With few exceptions rats that re- 
ceived either whole anti-blood immune 
serum or its globulin fraction had con- 
siderably larger mesenteric lymph nodes 
than untreated controls or those _re- 
ceiving the albumin fraction. The lymph 
nodes were also somewhat enlarged in 
rats given the globulin fraction of nor- 
mal rabbit serum, but, as will be shown 
later, this increase is size was of a dif- 
ferent nature. 


A. Effects of whole anti-blood immune 
serum or its globulin fraction on the 
mesenteric lymph nodes 


Two or three days after injection.— 
Rats injected with whole anti-blood 


serum and its globulin fraction will be 
considered together as they presented 
essentially the same picture. Except in 
rats no. 50, 86, and 89, the mesenteric 
lymph nodes were only moderately 
hypertrophied in animals in groups 1 
and 2. Regardless of their size, however, 
the mesenteric nodes of all rats killed 
two or three days after injection showed 
a marked loss of small lymphocytes. 
Their characteristic nodular arrange- 
ment was indistinct; secondary nodules, 
where present, were usually small and 
contained macrophages and medium 
and large lymphocytes but very few 
mitoses. The lymphoid tissue was 
principally in a diffuse form from which, 
particularly in rats given the globulin 
fraction, large numbers of lymphocytes 
could be seen entering the sinuses and 
small blood vessels. As in the old nod- 
ular areas, reticular cells and medium 
and large lymphocytes were conspicuous 
and phagocytes abundant. 
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Extravasated blood was observed in 
some sinuses, in which cases the hyper- 
trophied reticular cells lining them 
often contained erythrocytes in various 
stages of destruction. Many investi- 
gators have noted that the endothelium 
lining the veins in the lymph nodes of 
rats is normally taller than in other situ- 
ations (Dawson and Masur, 1929). Near 
the cortical nodules and in the diffuse 
lymphatic tissue of the present animals 
the endothelial cells of the small veins 
were greatly hypertrophied and often 
of tall columnar form (fig. 1). Numerous 
small lymphocytes were observed in 
groups or rows immediately beneath the 
endothelium, while others were migrat- 
ing into the blood stream. 

Rat no. 86, treated with whole anti- 
blood serum, and no. 89, given the 
globulin fraction, were both very anemic 
and had the highest leucocyte counts of 
all rats. In each animal the several 
lymph nodes of the mesenteric chain 
differed in their responses. Near the 
ileocecal junction there were one or two 
hypertrophied nodes over a half inch in 
length in which the normal organization 
was completely destroyed and only 
slight evidence, if any, remained to in- 
dicate the former position of nodules 
and diffuse lymphatic tissue. The in- 
creased size of these nodes was caused 
by edema rather than hyperplasia, for 
they were largely reduced to a mesh- 
work of medullary cords separated by 
sinuses. The cords were filled with 
loosely arranged plasma cells and a few 
small lymphocytes. The reticular cells 
were abnormal in appearance, being 
either rounded or greatly contracted, 
and they contained distorted nuclei on 
which surface folds were frequently 
seen. On one side of the node there was 
a hyperplastic area filled with plasma 
cells and medium lymphocytes. The en- 
dothelium lining the blood vessels in 
these enlarged nodes varied from a squa- 
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mous type to the higher condition nor- 
mal for the rat. 

In contrast to the hypertrophied 
glands described above, the chain of 
nodes extending from these anteriorly 
in the mesentery were either of normal 
or smaller size. In rat no. 86 these nodes 
and their secondary nodules were both 
small and contained few mitoses. The 
small lymphocytes that remained fre- 
quently had nuclei more characteristic 
of plasma cells. In one or two areas a 
small mass of medium lymphocytes and 
plasma cells had developed; the endo- 
thelium lining small blood vessels was 
low, and the sinuses contained many 
eosinophils. In rat no. 89 this chain of 
nodes differed from the above princi- 
pally in the large number of eosinophils 
present, particularly in the peripheral 
sinus, in the normal height of the endo- 
thelium, and in the small number of 
reticular cells present. 

Fifteen days after injection.—In rat 
no. 50 the lymph nodes were not only 
enlarged but appeared to have under- 
gone considerable hyperplasia. The thin 
layer of lymphocytes remaining in the 
cortex showed little evidence of nodular 
formation or reaction centers, while the 
medullary cords were swollen with 
plasma cells. In some areas the reticular 
cells had increased so markedly that they 
almost obliterated the sinuses; eryth- 
rocytic debris and vacuolated cytoplasm 
suggested their previous phagocytic ac- 
tivity. Hypertrophied endothelial cells 
were rarely observed in this rat. 


B. Effects of the albumin fraction of antt- 
blood immune serum on the mesenteric 
lymph nodes 


Two or three days after injection.— 
Lymph nodes of animals treated with 
the albumin fraction were the same size 
as untreated controls. The cortex con- 
tained small nodules with larger second- 
ary centers than rats in groups 1 and 2, 


while the closely packed marginal zones 
of small lymphocytes appeared normal. 

Unlike lymph glands of other groups, 
the secondary nodules contained, either 
singly or in clusters, modified and 
greatly hypertrophied reticular cells 
filled with small, faintly stained gran- 
ules. The reticular cells associated with 
the sinuses were not only hypertrophied 
but were so hyperplastic that they 
formed a close meshwork. As in animals 
in groups 1 and 2, the endothelial cells 
of the venules in the cortical zone were 
often columnar in form or contained en- 
larged and contorted nuclei and bulged 
into the lumen. The cytoplasm of these 
cells was frequently vacuolated. 

In the diffuse lymphatic tissue of 
these nodes a considerable number of 
reticular cells and large lymphocytes 
were observed in mitosis. The nuclei of 
the latter were often swollen and in 
prophase. 


C. Untreated controls and effects of the 
globulin fraction of normal rabbit serum 
on the mesenteric lymph nodes 


Lymph nodes of untreated controls 
presented the usual picture of numerous 
cortical nodules consisting of concentric 
layers of tightly packed small lympho- 
cytes which enclosed secondary nodules 
composed primarily of larger lympho- 
cytes and reticular cells. Some mitoses 
and phagocytes were observed. The dif- 
fuse lymphatic tissue was moderate in 
amount, and, as is normal in rats, the 
medullary cords contained some plasma 
cells. 

Two days after injection.—In rats 
killed two days after receiving the globu- 
lin fraction of normal rabbit serum, the 
fraction of normal rabbit serum, the 
mesenteric lymph nodes were even 
larger than in animals that received a 
similar fraction of anti-blood immune 
serum (except no. 89). After such in- 
jections, however, enlargement of the 
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nodes was caused by hyperplasia rather 
than edema. They were swollen with cells 
rather than distended sinuses. The nodes 
consisted mostly of diffuse lymphatic 
tissue which extended deep into the 
medullary zone on one side and was only 
poorly delimited from the cortical nod- 
ules on the other. Lymph nodules were 
abundant and enclosed germinal centers 
of varied sizes in which there were many 
mitoses but few macrophages. Small 
lymphocytes crowded many sinuses or 
were escaping by way of the blood 
stream. The endothelium was consider- 
ably hypertrophied in venules near the 
nodules. 

Fifteen days after injection.—Even 15 
days after injection the endothelium of 
these vessels was higher than normal, 
particularly where small lymphocytes 
were being shed. In these animals the 
whole gland was of usual size, as there 
was little diffuse lymphatic tissue. The 
cortical nodules were prominent and 


had many mitoses in their large ger- 
minal centers. 


Spleen 


A. Effects of whole anti-blood im- 
mune serum on the spleen 

Two days after injection.—Reference 
to table 1 indicates than rats no. 69, 
84, and 86, killed 48 hours after a single 
injection of antiserum, were quite 
anemic and had high leucocyte counts. 
Only in no. 84 was the spleen enlarged. 
The splenic cords of the two most 
anemic rats showed moderate erythro- 
poietic activity, whereas the red pulp of 
no. 84 was unusually active. In animals 
whose spleen was carrying on rapid cell 
elaboration the organ was homogeneous 
in gross appearance. Microscopically, 
however, it was difficult in many cases 
to make certain whether the process was 
erythropoiesis or lymphocytopoiesis. In 
rat no. 84. for example, large numbers 
of hemocytoblasts—presumably rich in 
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ribonucleic acid as their basophilia dis- 
appeared after treatment with ribo- 
nuclease—were crowded along the tra- 
becular framework of the spleen. Many 
were undergoing mitosis and appeared 
to give rise to clusters of smaller, deeply 
basophilic proerythroblasts; many of 
these, in turn, were dividing. But it was 
not easy to identify with certainty the 
end products of these cells, for during 
mitosis the chromosomes of the eryth- 
roblasts seemed abnormally clumped 
and the resulting cells contained very 
dense, pycnotic nuclei that rarely ex- 
hibited any cytoplasm around them. If 
this cellular activity represents eryth- 
ropoiesis, as it has been interpreted, 
the typical polychromatophil erythro- 
blast and normoblast stages are missing, 
Reticulocyte counts were not made but 
many normoblasts were observed in 
large blood vessels. Scattered in the 
cords of Billroth an increased number of 
early megakaryocytes and eosinophils 
were also observed, as well as macro- 
phages filled with erythrocytic debris. 
The number of lymph nodules in the 
spleens of these animals appeared nor- 
mal, but their small size, loose organ- 
ization, and thinly populated transi- 
tional zones indicated the loss of a con- 
siderable number of lymphocytes. Sec- 
ondary nodules, often of fair size, were 
usually present, but phagocytes were 
not numerous and, in sharp contrast to 
the red pulp, few mitoses could be found. 
On the other hand, large blood vessels 
contained an abundance of lympho- 
cytes of all stages, with an occasional 
medium lymphocyte in mitosis. 
Fifteen days after injection.—In these 
rats the spleens were of normal size and 
erythropoiesis was either absent or 
greatly reduced, as in animal no. 50. In 
the red pulp many phagocytes con- 
tained the remains of erythrocytes, 
megakaryocytes were more numerous 
than usual, and clusters of eosinophils 
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could be seen in various stages of differ- 
entiation. The Malpighian corpuscles 
were more drastically reduced than in 
animals killed two days after injection. 
They varied from a few loosely ar- 
ranged small lymphocytes surrounding 
central arteries to nodules containing a 
small germinal center composed pri- 
marily of medium lymphocytes. Few 
mitoses were observed. The transitional 
zones had been both depopulated and 
narrowed by the loss of lymphocytes. 

Twenty-eight days after injection.— 
The spleens surgically removed from 
rats after this lapse of time showed 
some signs of recovery. Although the 
nodules were still reduced, their ger- 
minal centers were both larger and more 
active mitotically. Transitional zones 
were wider and more densely populated 
than in the 15 day group. These rats 
continued to be somewhat anemic al- 
though erythropoietic activity contin- 
ued, and the process appeared more 
normal in that polychromatophil eryth- 
roblasts and good normoblasts could 
be identified. Megakaryocytes were still 
numerous, and groups of eosinophils 
continued to be differentiated in the 
splenic cords. 


B. Effect of the globulin fraction of anti- 
blood immune serum on the spleen 


Two days after injectionm—The most 
noticeable change in the spleens of these 
rats was the appearance of large num- 
bers of hemocytoblasts and basophilic 
proerythroblasts in the splenic cords. 
Although many of these cells were in 
mitosis, few had differentiated as far as 
normoblasts. Many Malpighian cor- 
puscles were considerably reduced in 
size through loss of small lymphocytes 
and depopulation of the transitional 
zone. The larger nodules enclosed ger- 
minal centers in which few mitoses but 
many macrophages with lymphocytic 
inclusions could be observed, In the 
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region just inside the transitional zone 
of the foliicles, where many small 
lymphocytes had been lost, the exposed 
reticular cells were sometimes light- 
staining but enclosed swollen nuclei 
with large nucleoli and had the appear- 
ance of hemocytoblasts. In the tran- 
sitional zone the nuclei of some medium 
lymphocytes were also enlarged, while 
others were distorted or lobate. In this 
region there were more heterophils than 
normal. In rat no. 89, which had the 
most extreme blood picture, the above 
conditions were sufficiently evident to 
form an intermediate stage between ani- 
mals sacrificed two and three days after 
injection (fig. 3). 

Three days after injection.—In rats 
killed on the third day the above picture 
of the spleen was further exaggerated. 
The Malpighian corpuscles were islands 
surrounded by hemocytoblasts and the 
entire spleen appeared to have been 
given over to erythropoiesis. The nod- 
ules were more densely populated than 
in rats receiving the unfractionated 
serum, as fewer lymphocytes had been 
lost from the centers of the corpuscles. 
The total size of the nodules was being 
rapidly.decreased, however, through the 
transformation of lymphocytes to hemo- 
cytoblasts and heterophils (fig. 2). 

In some nodules these nuclear trans- 
formations had proceeded from the pe- 
riphery of the nodule inwards until 
many cells of the transitional zone 
showed marked changes. Only the col- 
lection of small lymphocytes around the 
central artery marked such nodules, as 
their outer zones blended imperceptibly 
into the erythroblastic tissue of the 
splenic cords. At the edges of some nod- 
ules all of the transitional zone had been 
thus transformed. In this case the small 
lymphocytes exposed to these erythro- 
blastic tissues also had been modified 
until the central artery could be ob- 
served with newly formed hemocyto- 
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PLATE 1 


Fic. 1.—Mesenteric lymph node from rat no. 74 killed two days after injection of the albumin 


fraction of immune serum. A small vein with hypertrophied endothelium is shown in cross section. 
H & E, B filter. 1300 X. 

Fic. 2.—-Spleen of rat no. 83 killed three days after injection of the globulin fraction. Note extreme 
loss of nodules and development of strongly basophilic hemocytoblasts. H-E-A, B and G filters. 80 X. 
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Fic. 3.—-Spleen of rat no. 89 killed two days after injection of the globulin fraction. Most cells out- 


side of the nodule are erythropoietic. In center of picture the cells of the Y-shaped ends of the nodule 


are being transformed into hemocytoblasts. This represents an earlier stage in the transformation than 
seen in fig. 2. H-E-A, B & G filters. 80. 
Fic. 4. 


Spleen of rat no. 81 killed three days after injection of the albumin fraction. The nodules 
are large and prominent with a layer of fleshy reticular cells between marginal and transitional zones. 
H-E-A, B & G filters. 80 X. 
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blasts on one side and various grada- 


tions of nuclear and_ cytoplasmic 
changes in small lymphocytes on the 
other side. In other the in- 


creased number of hemocytoblasts arose 


nodules 


through extensive mitosis of pre-existing 
large lymphocytes, in which case the 
characteristic morphology of the nodule 
was considerably altered by the ac- 
cumulated hemocytoblasts. 

As was first noted in rats killed at the 
end of two days, a number of medium 
lymphocytes in the transitional zone 
were transforming into heterophils. By 
three days this process had been ac- 
centuated until the outer layer of some 
nodules, and many of the cords of Bill- 
roth as well, contained large numbers of 
heterophils. Various degrees of lobation 
were observed among the nuclei of these 
cells, although in the majority of them 
the nuclei seemed to have ‘aged’? more 
rapidly than the cytoplasm. No indis- 
putable proof can be offered for the 
splenic production of these cells. How- 
ever, their abundance in localized areas 
and the changes taking place in both 
medium and small lymphocytes suggest 
their local origin. 

The number of macrophages was con- 
siderably increased in both red and 
white pulp. Where secondary nodules 
were present, they contained very few 
but many 
lymphocytic inclusions. 


mitoses phagocytes with 
A few small 
lymphocytes throughout the nodules 
were undergoing lymphorrhexis. In the 
red pulp a striking number of macro- 
phages were rounded up and distorted 
by the quantity of erythrocytes they 
contained. Some cells were filled with 
red blood corpuscles so recently phago- 
cytized that they still 


typical reactions, 


their 
while in 
was almost 
complete. Between other cells were also 


retained 
staining 
others their destruction 
slender phagocytes containing the usual 
brown pigment. 


Thirty-five days after injection.—The 


only rat in this series allowed to live be- 
yond the three day period was splen- 
ectomized at 35 days. Although both the 
size of the spleen and the amount of 
lymphoid tissue it contained were nor- 
mal, the Malpighian corpuscles were al- 
tered in morphology and cellular char- 
acter. The secondary nodules were large 
and unusual number of 
large lymphocytes, some of which were 
in mitosis. The nodules were surrounded 
by a_ thin 


included an 


marginal layer of small 
lymphocytes, followed by a thick tran- 
sitional zone of medium lymphocytes 
and reticular cells. The red pulp still 
contained a great many hemocytoblasts 
and basophilic proerythroblasts. Many 
of the latter, especially, were dividing, 
but relatively few appeared to be con- 
tinuing their differentiation. 


C. Effect of the albumin fraction of 
anti-blood immune serum on the 
spleen 

Two days after injection.—The spleens 
of rats injected with the albumin frac- 
tion of anti-blood immune serum con- 
tained many lymph nodules with large 
germinal centers and numerous mitoses 
in medium and large lymphocytes. In 
animals killed two days after injection 
the secondary nodules usually had a 
considerable group of strongly baso- 
philic medium and large lymphocytes 
on the side nearest the central artery. 
As in the mesenteric lymph nodes of 
these animals, there was also a group of 
rounded and hypertrophied reticular 
cells within or near the edge of the sec- 
ondary nodules. Some were swollen with 
pale-staining granules of irregular size, 
while others contained a brown pig- 
ment. A layer of fleshy reticular cells, 
some of which contained small amounts 
of pigment, separated the relatively 
thin marginal zone from the wide and 
prominent transitional zone. Such en- 
larged cells were noted above in rats in- 
jected with the unfractionated serum, 
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but were not observed following treat- 
ment with the globulin fraction. No 
erythropoiesis was evident, but the red 
pulp was rendered moderately baso- 
philic by clusters of plasma cells along 
the trabeculae where hemocytoblasts 
had been observed in rats of the other 
series. Megakaryocytes were normal in 
number, but there was a great abun- 
dance of small phagocytes containing a 
brown pigment and some heterophils 
and eosinophils in various stages of dif- 
ferentiation. 

Three days after injection. 
between 


The dif- 
killed 


days after injection and those killed at 


ferences animals two 
three days were particularly marked in 
A great swollen 


containing 


rat no. 77. many 


macrophages lymphocytic 
debris were distributed throughout the 
nodules from the secondary nodules 
through the transitional zones. The sec- 
ondary nodules were large and showed 
evidence of both mitosis and degenera- 
tion of medium lymphocytes. In the 
marginal and transitional zones large 
lymphocytes were proliferating so rap- 
idly that they often connected one nod- 
ule with another. As in rats killed a day 
earlier, the red pulp was quite baso- 
philic, yet only a few plasma cells were 
present, as they could be seen in all 
stages of transformation into hemocyto- 
blasts. Some were still deeply basophilic 
and retained the light-staining cytocen- 
trum but had swollen, vesicular nuclei 
and nucleolar patterns characteristic of 
hemocytoblasts. As in other rats receiv- 
ing the albumin fraction, there were 
many phagocytes containing pigment, 
some eosinophil and heterophil forma- 
tion, but no erythropoiesis (fig. 4). 


D. Untreated controls and the effects 
of the globulin fraction of normal 


rabbit serum on the spleen 


Two days following injection of the 
globulin fraction of normal rabbit se- 
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rum, the spleen showed only minor 
changes when compared with untreated 
controls. Some small lymphocytes had 
been lost from the nodules and the tran- 
sitional zones were often thin and ill- 
defined. The number of megakaryocytes 
was slightly increased, but there were no 
signs of erythropoiesis or greater num- 
bers of hemocytoblasts or granular 
leucocytes. After 15 days the nodules 
were of average size, with numerous 
mitoses and phagocytes in prominent 
secondary nodules, but the transitional 


zones were still thinner than normal. 


ITypophysis 


Pars anterior.—In rats injected with 
immune the 


number of acidophiles in the anterior 


whole anti-blood serum 
lobe of the pituitary gland appeared to 
have increased slightly at the expense of 
the chromophobes, while the basophiles 
remained at least normal in number. At 
the cell are 
tributed very unevenly in the anterior 
lobe of the rat pituitary, for cell cords 


times several types dis- 


composed predominantly of basophiles 
may penetrate deeply from the anterior 
and posterior junction of pars inter- 
media and pars anterior. Cell counts of 
this lobe, therefore, are never com- 
pletely satisfactory but serve as a rough 
indication of cell population. The pres- 
ent counts were made from similar areas 
of the anterior lobes of the various ani- 
but the 


subjected to statistical analysis; and 


mals, results have not been 
they can be considered only to indicate 
general trends in cell population. 
Although most acidophiles were large 
and well-filled 


granules, a few cells showed signs of re- 


with deeply stained 


duction in size, degranulation, and some 


loss of staining capacity. The basophiles 


were numerous and large, but a con- 
siderable proportion of them had pyc- 
notic nuclei, irregular cell outlines, and 
sparse granulation that stained weakly 
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with anilin blue (fig. 6). The chromo- 
phobes stained very lightly, and their 
nuclei appeared to contain less chroma- 
tin than in untreated controls or in rats 
given the albumin fraction (compare 
fig. 5 and 6). 

Two days following injection of the 
globulin fraction of antiserum, the cell 
population of the pituitary was essen- 
tially like that of the above animals. At 
the end of three days the number of 
acidophiles had decreased slightly, and 
size reduction and degranulation in the 


179 


jected with the globulin fraction of nor- 
mal rabbit serum showed none of the 
above changes in the pars anterior. 
Pars intermedia.—In rats injected 
with whole anti-blood immune serum 
the pars intermedia showed few changes. 
The lobe was of normal thickness. Its 
cells were large and strongly basophilic 
but slightly degranulated and often 
vacuolated around their periphery. No 
colloid was observed in the hypophyseal 
cleft, but there were usually one or more 
irregular cavities present within the 


TABLE 2.—Cell population in the anterior hypophysis. 








Treatment 


Duration of 
experiment 


Per cent Per cent 
acidophiles basophiles 





Per cent 
chromophobes 





Unfractionated antiserum 
Globulin fraction 
Globulin fraction 
Albumin fraction 
Albumin fraction 
Untreated controls 


2 days 
2 days 
3 days 
2 days 
3 days 


37 





basophiles were even more pronounced. 
In rat no. 83 the cells were very small 


and difficult to classify, either because 
of their reduced size or loss of specific 
differentiation. 

As may be seen from table 2 there 
was considerable difference between 
animals killed two days after injection 
of the albumin fraction and those killed 
a day later. The cells suffered a marked 
reduction in size, comparable to no. 83 
mentioned above, and considerable de- 
differentiation was apparent. In com- 
parison with those in the other two ex- 
perimental groups the chromophobe 
nuclei were very rich in chromatin ma- 
terial (fig. 5). 

In all rats killed two days after injec- 
tion with any portion of the antiserum, 
the number of chromophil cells was 
greater and chromophobes less than 
normal. This was followed by a reduc- 
tion in cell size, frequent degranulation, 
and a shift toward a more normal cell 
population. 

Untreated control rats and those in- 


lobe. From their varied sizes, ragged 
edges, and their content of nuclear 
debris, as well as filaments resembling 
chondriosomes, these pockets appeared 
to have arisen through dissolution of 
intermediate lobe cells (fig. 7). 

In animals injected with the globulin 
fraction of immune serum there were 
not only pockets similar to those just 
described but also a marked accumula- 
tion of colloid in the cleft. The low 
epithelium bordering the cleft on the 
side of the pars intermedia was always 
intact, while from the opposite surface 
remnants of anterior lobe cells were 
often included in the colloid. The thick- 
ness of the lateral wall of the intermedi- 
ate lobe was reduced about 20% com- 
pared to the above animals, and its cells 
were somewhat smaller and more de- 
granulated. In rats killed at the end of 
three days there was a further marked 
decrease in granulation and in baso- 
philia of the intermediate cells. 

Two days following injection of the 
albumin fraction no intralobular cavi- 
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ties were observed and very little colloid 
was present. The pars intermedia was 
only two-thirds as thick as in animals of 
group 1, and its cells were less basophilic 
than in any other group sacrificed at a 
comparable time. In rats killed after 
three days the cells were smaller, less 
basophilic, and more markedly de- 
granulated than in any other group. At 
the anterior and posterior junctions of 
the pars intermedia and pars anterior 
many cells showed a progressive loss of 
basophilia, starting in the basal and 
perinuclear zones and proceeding api- 
cally. Such cells became smaller, more 
slender, and less highly differentiated in 
appearance. They formed groups con- 
tinuous with the cords of basophils 
dipping into the anterior lobe. 

Cells bordering the posterior lobe 
frequently showed degranulation, gen- 
eral loss of basophilia, enlarged oval 
nuclei, and a web-like cytoplasm similar 
to cells of the pars posterior (fig. 8). 
Such changes were never observed on 
the side bordering the hypophyseal cleft. 

Untreated control rats and those re- 
ceiving normal rabbit serum showed no 
changes in the pars intermedia other 
than occasional regional variation in 
basophilia. In animals killed two days 
after injection of the globulin fraction of 
normal rabbit serum there was some 
degranulation and slight loss of baso- 
philia. At the end of 15 days, however, 
the intermediate lobe of rats similarly 
treated was thicker than normal and 
strongly basophilic. The albumin frac- 
tion of normal rabbit serum has not 
been tested. 


Liver 


Difficult as it is to establish a cyto- 
logic ‘‘base line’’ for the livers of young, 
adult rats, the livers of animals in the 
different groups may be compared to 
advantage. With exception of rat no. 
50, only livers of rats killed two or three 
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days after injection were available for 
study. 

Following treatment with the al- 
bumin fraction of antiserum, cell counts 
per unit area suggested that the liver 
cells were slightly smaller than in un- 
treated controls. The nuclei of these 
cells were often enlarged and their nu- 
cleoli more numerous than usual. Chro- 
matin was distributed in a conspicuous 
peripheral layer, as well as in a loose 
network throughout the nucleus, and in 
a deeply staining ring investing each 
nucleolus. Although diminished in quan- 
tity, as compared with untreated con- 
trols, the basophilic substance of the 
cytoplasm (presumably ribonucleic acid 
from its reaction to ribonuclease) was 
aggregated about the nucleus. 

Liver damage was greatest in rats re- 
ceiving the globulin fraction of antise- 
rum. After such treatment, parenchy- 
mal cell degeneration was commonly 
observed, varying from single shrunken 
cells with fragmented nuclei to small 
necrotic areas heavily infiltrated with 
heterophils. Simultaneously, especially 
in rats killed three days after injection, 
clusters of lymphocytes could be seen in 
periportal and intrasinusoidal positions. 
In rat no. 83 a few megakaryocytes had 
also developed in the sinusoids. It could 
not be determined whether these had 
been differentiated from von Kupffer 
cells or from cells brought in with the 
blood supply. The parenchymal cells 
were only two-thirds the size of those of 
the albumin series, but their nuclei were 
very similar. Their ribonucleic acid con- 
tent was considerably greater and was 
primarily perinuclear in position. 

Rats injected with unfractionated se- 
rum showed few changes other than a 
reduction in cell size comparable to that 
of globulin-injected animals. A diminu- 
tion of ribonucleic acid occurred in these 
rats. 

In all groups injected with antiserum, 
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Fic. 5.-Pars anterior of rat no. 77 killed three days after injection of the albumin fraction. Note the 
decrease in number of chromophils and the prominence of the chromatin in the chromophobes (C). 
Azocarmine, B & G filters. 1300. 

Fic. 6.—Pars anterior of rat no. 84 killed two days after injection of whole anti-blood immune 


serum. Note the number of basophiles that are degranulated (B') and the chromatin-poor nuclei of 
the chromophobes. Azocarmine, B & G filters. 1300 X. 
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PLATE ¢ 


Fic. 7..-Hypophysis of rat no. 89 killed two days after injection of the globulin fraction. Portions 
of all lobes may be seen. Note the large cavities with inclusions of cell debris in the pars intermedia. 
\zocarmine, B & G filters. 110X. 

Fic. 8.—Marginal boundary of pars intermedia and pars posterior of rat no. 77 killed three days 
after injection of the albumin fraction. In center of picture note several cells of the intermedia that 
have developed vacuolated cytoplasm characteristic of posterior lobe cells. Azocarmine, B filter. 
1300 x, 
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the ribonucleic acid content of the liver 
cells appeared to be least abundant in 
rats having the highest leucocyte counts. 

The livers of rats killed 2 or 15 days 
after receiving the globulin fraction of 
normal rabbit serum were not signifi- 
cantly different from those of untreated 
controls. In both types of controls the 
nuclei of most cells were of moderate 
size. 

Adrenal cortex 

The adrenal cortex contained the 
greatest amount of osmiophilic material 
in rats killed three days after injection 
of tae albumin fraction. In all groups of 
experimental rats the cells of the glo- 
merulosa were more or less filled with 
large, uniform granules that became 
gray after post-osmication. In albumin- 
injected rats these cells were particu- 
larly full, while those of the secretory 
and post-secretory zones (terminology 
of Bennett, 1940) were swollen with 
well-blackened granules. 

Rats treated with the globulin frac- 
tion appeared to have about half as 
much osmiophilic material in the secre- 
tory and post-secretory zones, where it 
was distributed in granules of varied 
sizes. Animals in group 1 fell between 
the two groups described above, except 
that more granules in the middle zones 
had coalesced to form irregular masses. 
In all series the width of the senescent 
zone naturally varied inversely with the 
amount of osmiophilic material stored. 

In rats given the globulin fraction of 
normal rabbit serum, the osmiophilic 
substance was slightly more abundant 
than in untreated controls, but by 15 
days they could not be distinguished 
from one another. 


DISCUSSION 


A comparison of the histopathology 
of rats having bartonellosis with changes 
resulting from the injection of anti- 
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blood immune serum reveals some simi- 
larities and some differences. In bar- 
tonellosis, as reviewed by Weinman 
(1944), anemia is accompanied by hy- 
pertrophied, erythrophagic, or hyper- 
plastic reticulo-endothelial cells in the 
spleen. During severe anemia in rats 
given anti-blood serum, the reticular 
cells of the mesenteric lymph nodes and 
spleen ingested many erythrocytes but 
were not increased in numbers. It was 
following the albumin injections, which 
did not produce anemia, that the reticu- 
lar cells in both red and white pulp of 
the spleen and in the lymph nodes were 
most hypertrophied and hyperplastic. 
Similarly, the lymphocytes of the Mal- 
pighian corpuscles were most hyper- 
plastic after injection of the albumin 
fraction. 

All investigators of bartonellosis in 
rats have reported focal necrosis in the 
liver with increased fat in the paren- 
chyma and proliferation, swelling, and 
mobilization of the von Kupffer cells. In 
the present investigation, however, only 
the globulin fraction induced any liver 
degeneration. In no case did the Kupffer 
cells, lungs, or thymus give responses 
characteristic of bartonellosis. 

The marked leucocytosis and domi- 
nant heterophilia characteristic of rats 
infected with haemobartonella is similar 
to the blood picture of rats made anemic 
by the globulins of anti-blood serum. 
Weinman reports that during infection a 
hypersegmentation of heterophil nuclei 
was noted by Sorina (1929). It was 
pointed out above that the spleens of 
rats injected with the globulin fraction 
similarly contained large numbers of 
heterophils with extremely lobate nu- 
clei. Such a shift to the right of the 
Arneth count was noted by Cooke 
(1925) in pernicious anemia, while Cros- 
man and Charipper (1938) concluded 
from their study of heterophils and 
autolysis that increased heterophil ac- 
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tivity resulted in more rapid aging of 
the nuclei than time alone produced. 

The histologic evidence presented 
does not corroborate the suggestion of 
Pomerat, Frieden and Yeager that the 
original damage induced by the globulin 
factor affected only circulating cells. It 
has been shown that, although splenic 
erythropoiesis was greatly accelerated 
in the first few days following injection, 
the process terminated in naked, pyc- 
notic nuclei, without the usual poly- 
chromatophil and normoblast stages. 
Furthermore, recovery was slow and the 
late stages of cellular differentiation 
continued to be retarded. This may ac- 
count, in part, for the fact that erythro- 
cyte counts of rats given the antiserum 
never returned to their former levels. 

Another selective damaging capacity 
of the active globulin factor is indicated 
by the unusual number of large lympho- 
cytes or hemocytoblasts which were 
undergoing mitosis in the splenic cords, 
whereas division of these cells, or of 
medium lymphocytes, was rare within 
the Malpighian corpuscles. Lymphocyte 
production was greatly curtailed in 
anemic rats despite the marked loss of 
lymphocytes from lymph nodes and 
spleen. Even 15 days after the injection 
of unfractionated antiserum, the nodules 
had not recovered their capacity for 
rapid lymphocyte production. Only fol- 
lowing the albumin fraction was lym- 
phocyte loss accompanied by increased 
mitotic activity in the nodules. Thus the 
globulin fraction contained a potent 
damaging factor (or factors) that seri- 
ously curtailed the development of late 
stages of erythropoiesis, while inhibiting 
the initial steps of lymphocyte produc- 
tion. 

It is possible that the cytoplasm of 
the basophilic proerythroblasts, rich in 
ribonucleic acid, may have been shed in 
response to the demand for materials 
useful in counteracting the deleterious 


TuuRLO B. THomas, C. M. POMERAT, AND E. H. FrRIEDEN 


effects of the globulins. In respect to the 
latter possibility, it is interesting to re- 
call that the greatest loss of small 
lymphocytes was suffered by rats in 
which abortive attempts at erythro- 
poieses were most prominent. If loss of 
lymphocytes is interpreted as being as- 
sociated with antibody formation, these 
rats were actively engaged in the proc- 
ess. 

Although the albumin fraction of the 
antiserum did not cause a change in the 
blood picture, it did induce definite his- 
tologic responses in othér tissues. These 
differed, however, from reactions to the 
globulin fraction. Further study of the 
fractionation method would have to be 
made before one could be certain the ac- 
tive substance in the albumin fraction 
were not a globulin, particularly, one of 
the a or 8 globulins which may have re- 
mained in the albumin fraction. 

Both the globulins of normal rabbit 
serum and those of anti-blood immune 
serum brought about the liberation of 
large numbers of small lymphocytes. On 
the other hand, the factor that was 
either directly or indirectly responsible 
for marked anemia, rapid erythro- 
poiesis; increased erythrophagocytosis, 
and the multiplication of megakaryo- 
cytes resided exclusively in the globulins 
of the anti-blood immune serum. The 
tendency toward increased heterophil 
formation was also much more pro- 
nounced after the antiserum globulin 
than following the albumin fraction. 

Conway (1937) and Andrew (1946 
and 1948) have reviewed the current 
concepts of the structure of lymphatic 
nodules, particularly in relation to the 
function and importance of the “germi- 
nal” and ‘reaction’ centers. Conway 
has amply demonstrated the capacity of 
these pale-staining areas within the nod- 
ules to serve as ‘‘germinal centers” for 
the rapid proliferation of lymphocytes 
shortly following the experimental in- 





REACTIONS TO ANTI-BLOOD SERUM 


fection of rabbits and guinea pigs with 
Bacterium monocytogenes. In a study of 
age changes in the spleen and cervical 
lymph nodes of rats Andrew has been 
more impressed with the lymphocytic 
degeneration and phagocytosis taking 
place in these areas than with the pro- 
liferation of lymphocytes. He recog- 
nizes the presence of some mitotic ac- 
tivity but favors the interpretation of 
these pale areas in the nodules as ‘‘reac- 
tion centers.” 

Certainly much evidence has _ ac- 
cumulated to indicate the wide variety 
of stimuli capable of eliciting quickly an 
extensive shedding and destruction of 
lymphocytes. And, as Conway has 
demonstrated, this may be followed by 
an intensive proliferation. On the other 
hand, a stimulus such as the globulin 
fraction of anti-blood serum apparently 
stimulated the phagocytic activity 
within the nodules without stimulating 
lymphocytopoiesis. 

The present study reemphasizes the 
plasticity of the nodules and suggests 
that the factors favoring the elaboration 
of ‘germinal centers’’ are independent 
of those favoring the development of 
‘reaction centers.”’ It demonstrates the 
marked capacity of nodules for quick 
morphological change. It does not sup- 
port the theory of cyclic activity of 
lymphatic nodules in the sense that they 
follow an inexorable pattern of growth 
and maturation (development of a 
‘“‘germinal center’’), followed by regres- 
sion (development of a “reaction cen- 
ter’). The structure of a nodule at any 
given moment must reflect the effects of 
the numerous stimuli to which it has 
been subjected, and the physiological 
state of an organism may favor one or 
another of a nodule’s activities. As the 
proliferative and phagocytic capacities 
of the lymphatic nodules of an animal 
are considerably in excess of the normal 
requirement, one would expect to find in 
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the nodules of a healthy young adult 
animal a situation in which neither 
lymphocyte proliferation nor destruc- 
tion were exaggerated. This is essen- 
tially what has been observed in un- 
treated control rats. 

It is of importance to note that Anig- 
stein and Pomerat (1945) were able to 
induce typical bartonellosis in carrier 
rats injected with homologous REIS. 
Following the generally accepted view 
that the reticulo-endothelial system is 
responsible for preventing the onset of 
bartonellosis, we must conclude that 
there are distinct differences between 
REIS and anti-blood immune serum. 
The former, prepared against all ele- 
ments of the spleen and bone marrow, is 
a complex affecting both fixed and cir- 
culating types of cells, while the latter 
antiserum damaged primarily the cea- 
ters responsible for the production of 
those circulating cells against which it 
was prepared. 

It is reasonable to suppose that the 
damage inflicted on the hemopoietic and 
lymphocytopoietic centers of the spleen 
and lymph nodes resulted from specific 
toxic factors in the immune serum. On 
the other hand, the marked loss of 
lymphocytes, and the histologic changes 
in pituitary, adrenal, and liver may be a 
part of the general defense mechanism 
of a rat. 


SUMMARY 


Haemobartonella carrier rats were 
given a single intraperitoneal injection 
of homologous, anti-blood immune se- 
rum or its globulin or albumin fraction. 
A very potent anemia-inducing factor 
was found by Pomerat, Frieden and 
Yeager (1947) in the antiserum globu- 
lins. 

Histologic study of tissues from their 
experimental rats substantiates the 
presence in the globulins of a factor that 
seriously curtails the differentiation of 
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late stages of erythropoiesis, although 
mitosis and early developmental stages 
were markedly stimulated. Soon after 
injection of the damaging factor the red 
pulp of the spleen contained many 
erythrophages, but otherwise was con- 
cerned with rapid but abortive erythro- 
poiesis. At the end of 15 days this proc- 
ess was less intense and more normal in 
appearance. 

In addition, two and three days fol- 
lowing injection with antiserum globu- 
lins both mesenteric lymph nodes and 
spleen showed a marked loss of small 
lymphocytes and a failure of lympho- 
cyte production, which was still evident 
after 15 days. By 28 days the splenic 
nodules showed signs of recovery. 

Lymphocyte loss following injection 
of the albumin fraction was accom- 


panied by mitotic activity in the nod- 
ules and by hypertrophied and hyper- 
plastic reticular cells in lymph nodes 
and spleen. 


Histologic changes in the hypophysis, 
adrenal, and liver suggest that strong 
defense reactions were precipitated by 
the injection of anti-blood immune se- 
rum. 
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In the first two papers of this series 
(Taliaferro, 1948c and Taliaferro and 
Kelsey, 1948), it was found that the 
spleen is important during the quinine 
treatment of malaria because it adds the 
independent antimalarial factor of ac- 
quired immunity, but is not necessary 
for the antimalarial activity of quinine. 
Specifically, (1) quinine did not increase 
the rate of phagocytosis of parasites 
and, hence, does not stimulate either in- 
nate or acquired immunity or function 
in an opsonin-like capacity on the para- 
site; and (2) quinine blood levels were 
higher for a longer time in splenecto- 
mized than in intact chickens. These ob- 
servations indicate that the spleen ac- 
tually lowers the drug-parasite contact 
and that, whereas the drug may be ab- 
sorbed by the reticulo-endothelial sys- 
tem, it is not redistributed in a manner 
which facilitates a longer drug-parasite 
contact. 

In the present paper we have con- 
sidered in detail the last two of the five 
categories listed in paper I as to the 
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possible participation of the reticulo- 
endothelial system in drug action, viz., 
by metabolically transforming the drug 
into a more active form or by phago- 
cytosing the parasites after the drug has 
inhibited their reproduction. We have 
also analyzed the effect of quinine on 
the parasite during innate and acquired 
immunity. The experiments are tabu- 
lated briefly in table 1 and may be 
classified as follows: 

In experiments I through III the 
length of time quinine activity persists 
in the blood was studied. Chickens were 
given single or multiple doses of quinine 
and were then injected with large 
amounts of parasitized blood at various 
intervals after the last dose of quinine. 
Quinine activity was indicated by an 
initial drop in parasitemia as compared 
to controls not receiving quinine. The 
drop in parasitemia occurred only when 
there was a high level of quinine in the 
blood. This observation strengthens the 
idea that quinine acts as such without 
being transformed into a more active 
metabolic product. 

Experiments IV and V evaluate the 
importance of acquired immunity in 
quinine therapy. Experiment IV indi- 
cated that intense quininization, on the 
one hand, can be effective without ac- 
quired immunity and, on the other 
hand, can practically eliminate the de- 
velopment of acquired immunity. The 
importance of acquired immunity, how- 
ever, was demonstrated by the severe 
relapses which occurred shortly after 
treatment was stopped. In experiment 
V, quinine suppressed the initial infec- 
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tion sufficiently to prevent death, and 
indirectly prevented fatal relapses by 
allowing acquired immunity to develop. 

Experiment VI was suggested by the 
finding in paper II that the quinine 
blood level is higher and the drug per- 
sists longer in splenectomized thar in 
intact chickens. Parasites subjected to 
5 hours contact with quinine in sple- 
nectomized chickens, when introduced 
into normal animals, were less viable 
than those similarly treated in intact 
chickens. Splenectomy, therefore, in- 
creased the antimalarial activity of 
quinine, but decreased acquired im- 
munity to such an extent that there was 
a net loss of antimalarial activity in the 
splenectomized chickens. 

Experiments VII through IX com- 
prised a detailed study of the effects of 
various doses of quinine on the parasites 
during innate immunity. They amplify 
the work of L. G. Taliaferro et al. (1944) 
on Plasmodium gallinaceum and of 
others with different species. In agree- 
ment with these investigators, we found 
that quinine acts chiefly by inhibiting 
growth and reproduction, but, con- 
trary to the suggestion of investigators 
working with other drugs, we found that 
such quininized parasites are less rather 
than more readily phagocytosed: 

Experiment X consisted of a study of 
the separate and combined effects of 


quinine and splenectomy when ac- 


quired immunity was superimposed on 
innate immunity. The dose of quinine 
was the same as in experiment II of 
papers I and II and in experiment IX of 
this paper. The data from this and the 
preceding three experiments are con- 
sistent in showing that quinine and im- 


munity both act (1) by inhibiting 
growth and reproduction of the para- 
sites and (2) by killing them, but that 
quinine acts primarily in the first man- 
ner and immunity acts primarily in the 
second manner. 
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MATERIALS AND METHODS 


P. gallinaceum and quinine dihydrochloride 
were used exclusively. All doses of quinine are 
given per 100 g chicken and are expressed in 
terms of free quinine base, i.e., 81.64% of the 
weight of quinine dihydrochloride. Intravenous 
doses of 2.5 and 3 mg quinine were sometimes 
fatal. As a consquence, two half doses were often 
given within 5 to 15 minutes. 

An automatic switch set for 8 a.m. and 8 P.M. 
operated throughout this work to alternate light 
and dark in the animal room. 

To study the effect of quinine in experiments 
VII through X, thin blood films were made every 
4 to 6 hours throughout the initial infection and 
during any subsequent relapse. The ratio of 
parasites to red cells, the differential distribution 
of various stages of the parasites and merozoite 
means per segmenter were determined from these 
films. 

Distribution counts were obtained as described 
by us (1944 and 1947) for P. brasilianum and for 
P. cynomolgi, except that the parasites were 
divided into 4 instead of 5 classes. In brief, a 
random sample of 50 to 100 parasites at a given 
interval was classified into 4 groups of (1) small, 
i.e., little larger than a merozoite in size, (2) in- 
termediate in size with one nucleus, (3) parasites 
with 2, 3 or 4 nuclei and (4) parasites with 5 or 
more nuclei. Macro- and microgametocytes were 
also noted, but were disregarded in this paper 
because they almost always formed <1% of any 
population. To represent the asexual cycle, per- 
centages of the 4 classes are graphed in figures 7 
and 8, and the percentage of multinucleated 
parasites (groups 3 and 4) are graphed in figures 
6, 9 and 10. From these figures, maximal seg- 
mentation can be inferred to be taking place 
whenever multinucleated forms rapidly decrease. 
It occurs normally every 36 hours in this species 
(cf. L. G. Taliaferro et al., 1944, and Downs, 
1947) when the periods of light and dark are 
alternated regularly every 12 hours. 

Distribution counts were difficult to make 
during quinine treatment when parasites were 
markedly degenerate. Contraction and clumping 
of nuclei, as well as the failure of the nucleus 
and cytoplasm to stain, were especially disturb- 
ing features. They often made parasites of one 
class seem to belong to the preceding class of 
smaller parasites. 

Criteria for marked degeneration consisted of 
various combinations of the following: extensive 
vacuolation, unquestionable contraction of the 
parasite, definite clumping of the nuclei, little or 
no blue in the cytoplasm of the stained parasite, 
and darker or faded nuclei with our standard 
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Giemsa stain. Such unquestionable signs of 
deterioration were used in preference to less pro- 
nounced or moderate ones, such as slight to 
moderate vacuolation, and contraction or ir- 
regularities in shape and staining, because of the 
difficulty of separating such forms from slight ir- 
reguiarities in morphology which occur normally 
during many parasitological crises terminating 
the acute rise of the infection (W. H. and L. G. 
Taliaferro, 1934 and 1948.) 

The merozoite mean per segmenter for a given 
count was obtained after tabulating the number 
of merozoites in each of 25 or more mature seg- 
menters from a thin blood film. Thin ether-dried 
films (Boyd, 1939) were sometimes used, but 
ordinary air-dried films were found more satis- 
factory and dependable for this species. A seg- 
menter was considered mature if the individual 
nuclei were compact and the cytoplasm around at 
least some of them completely separated. When 
segmenters were scarce, the blood film was spread 
with a thin film of oil, segmenters were found with 
a 4 mm objective (X45), and the merozoites in 
the segmenter were counted with an oil immer- 
sion objective (X90). Practice increased pro- 
ficiency, but difficulties analogous to those de- 
scribed by us for P. brasilianum (1944) made ac- 
curate impossible. Degenerating seg- 
menters were especially troublesome. For this 
reason, only marked and progressive changes in 
the merozoite mean per segmenter are pointed out 
in the text. Segmenters could be found at all hours 
during the patent infection because the asexual 
cycle was not very synchronous. Within a given 


counts 


36-hour cycle, segmenters were most numerous 
from the time when the peak in multinucleated 
forms occurred to 12 hours later, were most ma- 
ture and easiest to count from 8 to 12 hours after 
the peak, and were scarce during the succeeding 
24 hours. As a rule, a merozoite mean was ob- 
tained during the interval from 8 to 12 hours after 
the peak of multinucleated forms every 36 hours 
during a given patent infection. Additional mero- 
zoite means could, however, be obtained at any 
time if required. 

Other details concerning materials and methods 
may be found in papers I and II and in table 1 of 
this paper. 


EXPERIMENTAL RESULTS 


Each experiment is divided into 2 or 
4 groups (table 1) which correspond to 
the group designations used in papers I 
and II. None includes control groups 5 
(quininized, uninfected chickens) or 6 
(quininized, uninfected, splenectomized 
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chickens) of the earlier papers because 
these controls are not relevant to the 
present experiments. Similarly, most 
experiments do not involve splenectom- 
ized chickens of groups 2 and 4. To test 
the action of quinine on different 
erythrocytic stages of one asexual cycle, 
group 3 is subdivided into groups A and 
C in experiment VI and into groups A, 
B and C in experiments VIII and IX, 
and group 4 is subdivided into groups 
B and D in experiment VI. The class of 
parasites, as described in Materials and 
Methods, to which these stages belong, 
is specified under the appropriate ex- 
periments. 


A. Relation between quinine activity and 
blood levels 


The following experiments relate the 
disappearance of quinine from the blood 
with the disappearance of antiplas- 
modial activity as tested by the ability 
of freshly introduced parasites to de- 
velop in the blood. 

Experiment I. One or multiple large 
doses of quinine (10-30 mg per os) at 
various intervals prior to infection.— 


Certain details of this experiment involving 
three groups of chickens are tabulated in table 1. 
One group received multiple doses of quinine 
orally, as designated in figure 1, and another 
received only one dose of 30 mg quinine. One 
chicken of the multiply-treated group and one 
untreated control were infected intravenously with 
serum-free blood stages of P. gallinaceum at the 
following intervals after the last dose of quinine: 
—simultaneously, 6 and 12 hours, and 1, 1, 2, 23, 
3, 4. and 5 days. One chicken receiving only one 
dose of quinine was infected similarly at the 
first four of the foregoing intervals after one 
dose of quinine. The number of parasites was such 
that from 100 to 250 parasites per 10,000 red cells 
were found immediately after they were injected. 
Blood smears and parasite counts were made 
once or twice daily from each chicken for 10 days 
after infection, provided the chicken lived that 
long. 


As may be seen by the decrease in the 


parasitemia of the test infection in the 
quinine-treated as compared to the con- 
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TABLE 1.—Plan of earecetee 
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Number of chickens in each g group 


175-215 


530-630 


Quinine 


tomized Quinine treatment per 100 g chicken 


| Splenee: | 
to groups 3 and 4 





13 doses of 10, 15 or 30 mg per os at various inter- 
vals before infection (fig. 1) 


1 dose of 30 mg per os at various intervals before 
| infection (fig. 1) 





| 1 dose of 3 mg i.v. at various intervals before in- 
fection (fig. 2A). 





530-630 


| 1 dose of 1.25 mg i.v. at various intervals before 
| infection (fig. 2B) 





135-165 


8 doses of 50 or 15 mg ag os at various intervals 
before superinfection (fig. 3) 


| 8 doses of 50 or 15 mg per os during initial infec- 
| tion (fig. 3, controls) 





110-150 





4 4 
(A and C) | (B and D) 


| 26, 21 and 16 hours before 
superinfection (fig. 4A) 
| 3 doses of 2.5 mg i.v. }40, 45 and 50 hours after in- 
| fection (fig. 4B). 
| 26, 21 and 16 hours before 
infection (fig. 4C) 





1 dose of 2.5 mgi.v. 40 or 48 hours after infection. 
Five hours later, blood subinoculated into normal 
chickens (A’-D’, fig. 5) 





100-150 





1 dose of 2.5 mg i.v. 24 or 36 hours after infection 
(fig. 6) 





280-330 


| 3 daily doses of 2.5 mg i.v. begun 1, 6 or 25 hours 
| after infection (fig. 7 and 9) 





290-315 


3 daily doses of 1.25 yt v. begun 1, 6 or 25 hours 
| after infection (fig. 8 and 9) 





x | 285-395 


3 daily doses of 1.25 mg i.v. begun at peak of in- 
| fection (fig. 10) 





* inenitiaiinial the indeashanet in experiment X; large numbers of blood stages in all others, except 1. In experiment 
IV, a small amount of blood induced the infections and a moderate amount of blood constituted the superinfecting dose. 


trol chickens in figure 1, quinine was 
definitely effective when parasites were 
injected immediately after one dose or 
the last of a series of doses and was de- 
creasingly effective during the succeed- 
ing 24 hours. At 36 hours and at all sub- 
sequent intervals after multiple doses of 
quinine, the increase in parasites was 
similar to that in the control chickens. 
The slight decrease in parasites in the 
control chicken and in the chicken in- 
fected 14 days after quinine, as seen in 


figure 1, was due to the fact that the 
majority of injected parasites had just 
segmented and decreased during intra- 
corpuscular growth. Multiple doses of 
quinine were not appreciably more ef- 
fective than one dose. 

The foregoing results on the per- 
sistence of quinine activity are in agree- 
ment with the results in experiment I of 
paper II and the results of Kelsey et al. 
(1943 and 1945) on the rate of quinine 
disappearance from the blood. The lat- 





Fic. 1 


-arasitemia in chickens of experiment I. 


Persistence of quinine activity as tested by massive infection at various intervals following multiple 
doses of quinine per os (dash lines) or a single dose of 30 mg per os (dotted lines). 

In all figures, doses of quinine (Q) are given per 100 g chicken; D, dead. 

In figures 1 through 4 and 6, controls (solid lines) received no quinine except for one set of 3 control 


chickens in figure 3. 
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ter authors found that the concentration 
reached a peak in the blood 3 to 6 hours 
after one dose of 40 mg quinine per 100 
gm chicken per os and gradually de- 
creased for the next 16 hours to a low 
value at 24 hours. Multiple doses of 
quinine, similar to the doses we used, 
resulted in slightly higher concentra- 
tions 3 to 12 hours after administration 
but had practically reached zero at 24 
hours. Concentrations in the liver, lung, 
spleen and bone marrow were approxi- 
mately 15, 11, 8 and 3 times higher, re- 
spectively, 3 to 12 hours after adminis- 
tration but were practically zero at 24 
hours except in the lung. In the lung 
they attained a low level in 48 hours. 
The drug was concentrated in other 
organs in intermediate amounts and 
was variable in the same organ from 
chicken to chicken. 

From this experiment, in conjunction 
with the results of Kelsey et al. (1943 and 
1945) and our results in paper II, it may 
be concluded that quinine is markedly 
active in reducing the parasitemia of P. 
gallinaceum only for the length of time 
it can be recovered in appreciable quan- 
tities from the blood. 

Experiment II. One large dose of 
quinine (3 mg i.v.) at various intervals 
prior to infection.— 

Thirty chickens (table 1) were separated into 
pairs of the same weight. Nine pairs received 3 
mg of quinine intravenously at the following in- 
tervals before infection with 10° parasites: 24, 18, 
12, 8, 5, 3 and 1 hours, and 15 and 5 minutes, re- 
spectively. The remaining 6 pairs were infected 
but not given quinine. Blood smears and parasite 
counts were made twice daily from each chicken 
for 10 days after infection, provided the chicken 
lived that long. 

One intravenous dose of 3 mg of 
quinine was effective in reducing the 
parasitemia of the infection when ad- 
ministered 5 and 15 minutes before in- 
fection, was progressively less effective 
through 5 hours and was ineffective at 
longer intervals. This intravenous dose 


of quinine was active for a shorter time 
than the larger doses given per os in 
experiment I. The first 6 intervals (5 
minutes to 8 hours) between the injec- 
tion of quinine and of the test infection 
are shown in figure 2A. 

Experiment III. One dose of quinine 
(1.25 mg 1.v.) at various intervals prior to 
infection.— 

The only difference between this experiment 
and experiment II was that half the intravenous 
dose of quinine was given (table 1). This was the 
standard amount for each dose in experiment II 
of paper I, in experiments II, IV and V of paper 
II and in experiments IX and X of this paper. 


Reductions in the parasitemia of the 
treated as compared to untreated chick- 
ens indicated that this smaller dose of 
quinine was only slightly effective for 5 
and 15 minutes (fig. 2B). It therefore 
produced less of an effect for a shorter 
time than the large dose used in experi- 
ment IT. 

The shorter persistence of quinine ac- 
tivity in these chickens as compared to 
that in experiment I can be correlated 
with the more rapid disappearance of 
the smaller dose of quinine from the 
blood as described in experiments I and 
II of paper IT. 


B. Relation of acquired immunity 
to quinine activity 

Experiment IV. Multiple large doses of 
quinine (15-50 mg per os) during inttial 
infection.— Multiple large doses of qui- 
nine per os which radically suppressed 
the initial infection were given to ascer- 
tain (1) if quinine activity persisted 
longer in infected than in normal chick- 
ens, (2) if acquired immunity was re- 
duced and (3) if quinine could act with- 
out an appreciable amount of acquired 
immunity. 

Six chickens were infected with a small in- 
travenous dose of parasites, were given doses of 
quinine after initial infection as designated in 
figure 3 and were superinfected at various in- 
tervals from one through four days after quinine 
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Fic. 2Aand B.—Average course of parasitemia in pairs of chickens of experiments II and III. 
Persistence of quinine activity as tested by massive infection at various intervals following a single 
intravenous dose of quinine (dash lines). Controls (solid lines), no quinine. See explanation in figure 1. 
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had been stopped. As controls, 6 normal chickens 
were infected initially with the same dose of para- 
sites used for superinfecting the test chickens. 
They were not given quinine. That the treated 
chickens maintained their infection during 
quinine treatment was controlled by three 
chickens initially infected but not given quinine 
and by three chickens infected and given quinine 
but not superinfected (table 1). Blood smears and 
parasite counts were made daily or twice daily 
from each chicken after initial infection and for 
three weeks after superinfection, provided the 
chicken lived that long. 


Quinine treatment was such that it 
almost entirely eliminated the patent 
initial infection. During the time of 
treatment only a rare parasite was seen, 
whereas parasites appeared the day 
after infection in the untreated controls 
and progressively increased in the usual 
manner. On the other hand, quinine 
treatment delayed the development of 
the superinfecting dose only when the 
superinfecting dose was given within 24 
hours after the drug was stopped (fig. 
3). Hence, as in experiment I, anti- 
plasmodial activity by the criteria used 
did not persist any longer when the drug 
was given to an infected than to an un- 
infected chicken. 

The most important results of this ex- 
periment relate to the interplay of 
quinine activity and acquired im- 
munity. Antigen absorption was so re- 
duced that no acquired immunity could 
be demonstrated by immunity to super- 
infection (cf. W. H. and L. G. Taliaferro, 
1945). The fact that the absence of ac- 
quired immunity did not prevent the 


drug from being markedly suppressive is 
further evidence that the drug does not 
act through or by stimulating acquired 
immunity. At the same time, the im- 
portance of acquired immunity in an 


auxiliary capacity is unequivocally 
shown by the fact that the intensely 
treated controls suffered acute relapses 
shortly after treatment was stopped 


(fig. 3, controls: no superinfection). 
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Experiment V. Three doses of quinine 
(2.5 mg i.v.) during the late acute rise.— 
In this experiment quinine, given during 
the late acute rise of the initial infection, 
was tested for activity by superinfection 
after 16 hours. This procedure was also 
used to determine the significance of ac- 
quired immunity, after quinine had pre- 
vented the infection from becoming 
fatal and had disappeared from the 


blood. 


There were 6 groups of 4 chickens each (table 
1). One test group was given (1) a moderate num- 
ber of parasites (50 parasites per 10,000 red cells 
in their blood immediately thereafter), (2) 3 
doses of 2.5 mg quinine intravenously 40, 45 and 
50 hours later, and (3) a moderate number of 
parasites (superinfecting dose) 16 hours after the 
last dose of quinine. A control group was infected 
and superinf2cted similarly but was not given 
quinine. A second test group was injected as out- 
lined in (1) and (2) above, along with a control 
group injected as outlined in (1). Two subsidiary 
control groups were injected as outlined in (2) and 
(3), and (3), respectively. 


The resulting average parasitemias 
from the 4 chickens in each of the 6 
groups are shown in figure 4. Three of 4 
chickens initially infected and _ not 
treated died (fig. 4B, solid line), whereas 
those initially infected and treated had 
time to develop sufficient acquired im- 
munity to recover (fig. 4B, dash line). 
An attempt to test immunity to super- 
infection was inconclusive, probably be- 
cause the parasitemia was already in- 
tense. Thus, at the time of superinfec- 
tion (fig. 4A, solid line), the chickens 
averaged about 11 parasites per 10 cells, 
and superinfection with a dose of para- 
sites which proved fatal to most chick- 
ens (fig. 4C, solid line) did not cause an 
appreciable rise in parasitemia. It is 
probable, however, that the treated 
chickens had some immunity because 
there was little if any rise in their para- 
sitemia and they recovered. That ac- 
quired immunity was a necessary part of 
recovery of the quinine-treated chickens 
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was shown by the inefficacy of quinine 
alone 16 to 26 hours after its injection 
(fig. 4C). 

Thus, a large amount of quinine in- 
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tained in experiment II. This procedure 
with even smaller doses of quinine was 
effective as demonstrated in experiment 
II of papers I and II. 
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Fic. 3.—Course of superinfection in chickens of experiment IV. 

Persistence of quinine activity as tested by massive infection at various intervals following multiple 
doses of quinine per os which practically suppressed the initial infection (dash lines). Three sets of con- 
trols (solid lines) consisted of (1) 6 untreated chickens each initially infected with the superinfecting 
parasites given each of the 6 test chickens, (2) 3 chickens each infected initially with parasites (no Q) 
and (3) 3 chickens each infected initially with parasites and quinine (no superinfection). See explana- 


tion in figure 1. 


jected intravenously when the infection 
was well-established adequately pre- 
vented the infection from becoming 
fatal and gave the chickens time in 
which to develop acquired immunity. 
Thereafter, acquired immunity by itself 
prevented fatal relapses since quinine 
was only effective for about 5 hours 
after its intravenous injection as ascer- 


C. Comparison of quinine activity 
in splenectomized and 
intact chickens 

Experiment VI. Viability of quininized 
(2.5 mg 1.v.) parasites upon subinocula- 
tion.—Experiments I through III in 
paper II demonstrated that splenecto- 
mized infected chickens usually had 
higher quinine levels than intact in- 
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fected chickens. Experiments I through 
V in this paper indicated a direct rela- 
tionship between quinine blood levels 
and antimalarial activity. The question 
then arose: Why was the relatively high 
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Fic. 4.—Average course of parasitemia in 
chickens in experiment V. 

Efficacy of acquired immunity after 3 large 
intravenous doses of quinine (dash lines) had par- 
tially suppressed the initial infection. Controls 
(solid lines), no quinine. A, initial infection witha 
primary dose (P) and superinfection with a 
secondary dose (S); B, primary dose alone; C, 
secondary dose alone. See explanation in figure 1. 


quinine level in splenectomized chickens 
in paper Ii accompanied by a higher 
parasitemia than in unoperated con- 
trols? If quinine acts directly, a high 
quinine blood content should be as- 
sociated with a low parasitemia. 

In the splenectomized chickens of 


paper II in which quinine levels were 
variable, we attempted to correlate the 
quinine blood level with parasitemia. 
This we were unable to do. The splenec- 
tomized chickens with a high quinine 
level as compared to those with a low 
one did not have a consistently lower 
parasitemia on the day after the last 
dose of quinine. This result, in view of 
the experiment to be described in the 
following paragraphs, was probably due 
to such unknown or uncontrolled factors 
as the following: (1) The approximate 
minimal concentration of quinine in the 
blood which results in injury is not 
known and, hence, the effective time- 
concentration cannot be estimated. (2) 
Retardation of the parasitemia due to 
quinine may be masked by a lowered 
acquired immunity. 


This experiment involved (1) giving a large 
dose of quinine (2.5 mg) intravenously 40 or 48 
hours after heavily infecting splenectomized and 
nonsplenectomized chickens, (2) removing the 
blood from the chickens after five hours contact 
with quinine, (3) inoculating normal chickens 
with the washed blood cells and (4) studying the 
parasitemias in the donor and subinoculated 
chickens (table 1). This procedure was modified 
from the method devised by Hewitt and Richard- 
son (1943) to study the direct action of quinine 
against P. lophurae in intact chickens. 

Because the 4 splenectomized chickens (groups 
B and D) were starved 24 hours before the opera- 
tion, the 4 control chickens (groups A and C) of 
similar weights were only allowed to feed for one- 
half hour twice a day. All 4 groups were heavily 
infected on the afternoon of the operation. 
Groups A and B were injected intravenously with 
2.5 mg quinine 40 hours after infection and groups 
Cand D at 48 hours. At these times, the parasites 
had only undergone one segmentation, and little 
or no acquired immunity had developed. Para- 
sites in the first two groups were small (segmenta- 
tion had taken place 6 to 9 hours earlier) and in 
the second two groups were intermediate in size. 
Quinine blood levels were taken 10 minutes, 1 
hour and 5 hours after the injection of quinine. 
At the end of 5 hours, washed parasitized blood 
cells from each of the 4 groups were injected, 
within 15 minutes after being drawn, into three 
small chickens weighing 78 to 82 g, respectively 
(groups A’ through D’). Five hours contact with 
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Average course of parasitemia (1) in donor chickens (A, B, C and D) given 2.5 mg quinine 


intravenously 5 hours before they were bled and (2) in subinoculated chickens (A’—-D’) in experiment 


VI. 


The greater quinine activity in splenectomized (dash lines) as compared to nonsplenecto. ized 
chickens (solid lines) is shown by the lower parasitemia in subinoculated groups B’ and D’ than in 


groups A’ and C’. See explanation in figure 1. 


quinine was used because in that interval the 
greatest quinine effect could be expected (cf. 
paper II). The weight of the chickens in com- 
parable groups was kept equal so that quinine 
was given in the same relative (per 100 g chicken) 
and same absolute amount (per chicken). Blood 
films were made of all infected chickens daily at 
9:00 a.m. and 9:00 P.M. 


Inasmuch as the quinine level is 
higher in splenectomized than in un- 
operated chickens and if quinine acts di- 
rectly, the parasites should be injured toa 


greater extent in splenectomized chick- 
ens than in controls and should increase 
later (cf. fig. 2A) in chickens subinocu- 
lated from them than from the controls. 
This is the result obtained. As may be 
seen in figure 5, parasite counts from the 
chickens (groups B’ and D’) subinocu- 
lated with parasites from the splenecto- 
mized chickens (groups B and D) de- 
creased to a lower number and increased 
later than did those from the chickens 
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(groups A’ and C’) subinoculated with 
parasites from the nonsplenectomized 
chickens (groups A and C). An even 
more marked difference might have been 
obtained had we injected fewer parasites 
into groups A’ through D’. 

Quinine levels in this experiment cor- 
roborated the results obtained in paper 
Il. They were higher in the splenecto- 
mized than in the nonsplenectomized 
chickens. Thus, the total quinine blood 
concentration for 5 hours, as derived in 
paper II, varied between 26 and 36 
mg/L blood in the splenectomized 
chickens and 14 and 16 mg/L blood in 
the control chickens. The similarity be- 
tween these values and the ones ob- 
tained in paper II with half this amount 
of quinine no doubt resulted from the 
fact that the first and highest reading 
was not taken until 10 instead of 3 to 5 
minutes. 


D. Effect of quinine and immunity 


on growth, reproduction and death 
of the parasite 


The synchronous reproduction of 
most plasmodia makes it possible to dif- 
ferentiate growth- and _ reproduction- 
inhibiting from plasmodicidal effects 
(see especially L. G. Taliaferro, 1925, 
and W. H. and L. G. Taliaferro, 1944 
and 1947). Thus, in the following 4 ex- 
periments, (1) the basic rate of repro- 
duction was computed by ascertaining 
the merozoite mean per segmenter dur- 
ing each asexual cycle and the length of 
the asexual cycle (both together give the 
number of parasites produced periodi- 
cally); (2) the over-all survival of para- 
sites was found by obtaining the net 
factor of increase in the parasitemia for 
each asexual cycle and (3) the ability of 
merozoites to infect new red cells was 
computed from the factor of increase in 
the parasitemia during the period of 
maximal segmentation. From the num- 
ber of parasites produced in conjunction 
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with the number that survived during 
each asexual cycle, death rates (plas- 
modicidal action) were then obtained. 
This study was hampered because in- 
fections with large numbers of P. 
gallinaceum are frequently fatal, counts 
of erythrocytic parasites may be invali- 
dated to some extent by exoerythrocytic 
schizogony and the asexual cycle is 
somewhat asynchronous. The influx of 
exoerythrocytic stages was minimized 
by studying early stages of blood-in- 
duced infections in experiments VII 
through IX. The lack of synchronism 
has little effect on determinations of the 
over-all survival and death of parasites 
during each asexual cycle. It does, how- 
ever, give a falsely low figure for the 
survival of merozoites during segmen- 
tation, because any nonsegmenting frac- 
tion of a population decreases during 
intracorpuscular growth as the seg- 
menting population increases. In the 
following calculations, therefore, the 
number of merozoites which enter or fail 
to enter red cells are only approxima- 
tions although they are fairly accurate 
in infections in which segmentation oc- 
curs in 75% or more of the population. 

Experiment VII. One large dose of 
quinine (2.5 mg 1.v.) when parasites were 
intermediate or large in size during the 
early acute rise of infection.— 


Two groups of 2 chickens (table 1) were in- 
jected intravenously with 2.5 mg quinine 24 and 
36 hours after a heavy initial infection at 8:00 
A.M. and 8:00 P.M., respectively. Control groups 
received no quinine. Quinine was given when the 
majority of parasites were intermediate in size 
and multinucleated, respectively, i.e., 20 hours 
before and just before segmentation. Blood 
smears were made at 4- to 6-hourly intervals for 
a week or until the chickens died. 

Distribution counts of the 4 classes (small, in- 
termediate, 2 to 4 nucleated, and 5 or more 
nucleated parasites) of normal and degenerate 
parasites and total parasite counts of normal and 
markedly degenerate parasites were made from 
all slides. In addition, the number of merozoites 
was counted in samples of 25 to 50 segmenters 
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from each chicken once every 36 hours or oftener 
on blood films made 8 to 12 hours after maximal 
segmentation. At this time, as mentioned in Ma- 
terials and Methods, the largest percentage of 
mature segmenters occurred whose merozoites 
were easiest to count. Standard errors of the 
merozoite means from these and all subsequent 
samples of 25 to 50 segmenters varied from 0.5 to 
1.1 merozoites. 


This dose of quinine produced de- 
generation in varying numbers of both 
intermediate and large parasites essen- 
tially similar to the descriptions of Hew- 
itt and Richardson (1943) for P. lophurae. 
The over-all degenerative changes 
chiefly consisted of contraction of all 
forms after a preliminary vacuolation, 
irregularities of shape and _ staining, 
clumped pigment and lack of staining of 
the cytoplasm and later of the nucleus. 
Vacuolation, chiefly of intermediate and 
2 to 4 nucleated stages, commerced 
after about 6 hours, reached a peak at 
12 hours (70% might be affected to 
varying degrees) and significantly de- 
creased at 20 hours. Parasites appeared 
more abnormal when they were maxi- 
mally vacuolated than when the vacuole 
had contracted. 

Degenerative changes varied some- 
what in each pair of chickens. For ex- 
ample, they varied in degree at the peak 
of maximal degeneration, which was 
reached about 24 hours after this dose, 
from slight to marked in any chicken 
and in extent from 30 to 75% from 
chicken to chicken. These discrepancies 
may have been partially due in a given 
chicken to the differential concentration 
of quinine in the tissues (cf. Kelsey et al., 
1943) and from chicken to chicken to 
variable quinine blood levels in chickens 
receiving the same dose of quinine 
(paper II). 

Considerably fewer parasites were 
markedly degenerate as defined in 
Materials and Methods and as graphed in 
figure 6. In general, a maximum of 5 to 


15% of the total population was mark- 
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edly degenerate after 24 hours. Here 
again variability occurred within a given 
chicken and between chickens. An oc- 
casional parasite (<1%) even looked 
dead as evidenced by the fact that its 
nucleus and cytoplasm were not stained 
at all. Remains of such parasites when 
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Fic. 6.—-Effect of quinine on the course of 
parasitemia, merozoite mean per segmenter and 
asexual cycle (as shown by the per cent of multi- 
nucleated stages) in pairs of chickens from 2 
groups in experiment VII. Data from each pair 
were averaged. Dash lines, one intravenous dose 
of 2.5 mg of quinine given at the beginning of 
infection with P. gallinaceum when parasites were 
large; solid lines (control), no quinine; shaded 
areas, markedly degenerate parasites. 
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small could sometimes be recognized by 
a pale area in a red cell. Remains of in- 
termediate and large parasites could 
easily be established by the presence of 
only pigment granules in a red cell. 

In addition to morphological changes 
of varying degrees, including the death 
of a few parasites, degenerative changes 
were associated with (1) an inhibition 
of growth of the parasites during one 
sexual cycle (cf. the per cent of multinu- 
cleated stages during the asexual cycle 
immediately following quinine in the 
treated as compared to that in the con- 
trol group in fig. 6) and (2) a reduction 
in the merozoite mean (6.1+0.4). In- 
juries were temporary but resulted in a 
marked suppression of the parasitemia 
(fig. 6). These differences supply a basis 
for the decrease in parasitemia and 
phagocytosis in treated as compared to 
untreated chickens in experiments III 
(fig. 4) and IV of paper I. 

Distribution counts were also made 
from the chickens in experiments II and 
III of this paper. These data furnished 
corroborative evidence. They revealed 
in addition a technical hazard. The first 
cycle was sometimes deranged even in 
untreated chickens due to the manipula- 
tive procedure involved in infecting a 
large series of chickens at one time. 

Data on the differentiation between 
growth- and_ reproduction-inhibiting 
and plasmodicidal factors by quinine 
could not be satisfactorily analyzed in 
this experiment because the controls 
died too soon. The data suggested, how- 
ever, that quinine when given 6 hours 
before maximal segmentation (1) in- 
hibited reproduction by decreasing the 
merozoite mean per segmenter toward 
the end of the first and possibly during 
the second segmentation, (2) prolonged 
one asexual cycle from the normal 36- 
hour period to about 60 hours and (3) 
killed about 12% more of the population 
during the 36-hour period after quinine 
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than was killed in the controls. Thus, as 
shown in figure 6 for the controls, the 
parasite counts at the time of death 
and 36 hours previously were 13.8 and 
3.6, respectively. These counts gave an 
approximate net factor of increase of 3.8 
instead of 21.4 which was the number 
produced at this time, i.e., the merozoite 
mean per segmenter. In other words, 
17.6 or 82% of the total population in 
the controls died. During a comparable 
period, 17.1 of a possible average of 
18.2 merozoites produced, i.e., 94% of 
the total population, died in the treated 
chickens. It is to be noted that although 
a higher percentage of the population 
was killed, slightly fewer parasites in 
absolute numbers (17.1 as compared to 
17.6) were killed in the treated than in 
the untreated chickens. Similar data 
were obtained from the two chickens 
treated when their parasite population 
was intermediate in size. The death of 
such a large number of parasites both 
relatively and absolutely during the 
early acute rise in the control chickens 
is an aspect of innate immunity that 
has been reported for every malaria 
that has been carefully studied, begin- 
ning with the work of the junior author 
(1925) and Hartman (1927). 
Experiment VIII. Three large doses of 
quinine (2.5 mg 1.v.) initiated before, dur- 
ing and after segmentation of one asexual 
cycle in the early acute rise of the infec- 
tion.—In order to study further the 
effect of quinine on different stages of 
the erythrocytic parasite, the same in- 
travenous dose of 2.5 mg quinine was 
given to three groups of chickens (A, B, 
and C) 1, 6 and 25 hours after infection 
at a time when the majority of parasites 
were large (classes 3 and 4), a mixture 
of large and small (classes 4 and 1) and 
intermediate in size (class 2), respec- 
tively. Two more similar doses were 
given 24 and 48 hours later. A daily in- 
terval between doses was selected be- 
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cause, in the previous experiment, a 
single dose of this size delayed one asex- 
ual cycle about 24 hours. 


All chickens (table 1) were infected with blood 
parasites at a time when the majority of plas- 
modia were multinucleated, i.e., about 6 hours 
before maximal segmentation. The chickens of 
group A, because they were treated with quinine 
within an hour, i.e., before the parasites had in- 
creased in number, were given 4 times as many 
parasites as groups B and C and the control 
group. This large number of parasites was not 
given to untreated controls because it would have 
been fatal too soon to be of any value. Even so, 
3 of the 4 controls of control group 1 died within 
48 hours after infection. 


The same data were collected from 
the 13 chickens in this experiment as in 
experiment VII. To facilitate the de- 
scription of changes following multiple 
doses of quinine in this and the two 
following experiments, all times will 
refer to intervals after the first dose of 
quinine unless stated otherwise. Second 
and third doses will be tacitly implied 
when the intervals warrant it. 

Data in figure 7, from one chicken in 
control group 1 and the three treated 
groups, A, B, and C, for the first 7 days 
of the infection, will serve to illustrate 
the results obtained. They include (1) 
the per cent of the 4 classes of parasites 
(dotted lines) as outlined under Ma- 
terials and Methods, (2) the per cent of 
forms not markedly degenerate (clear 
areas under dotted lines), (3) the per 
cent of markedly degenerate forms 
(shaded areas) and (4) the total number 
of parasites per 10,000 red cells (solid 
heavy lines). The total number of de- 
generate parasites per 10,000 red cells 
is not given in this figure but can be 
readily calculated from the per cent of 
degenerate forms in the 4 classes. 

In the chicken from control group 1, 
the infection was intense but nonfatal. 
Percentages of the various 4 classes 
show the orderly development of the 
asexual cycle. Peaks in small forms were 
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followed successively by peaks in the 
other 3 classes of parasites (left hand 4 
tiers in fig. 7). The 3rd through the 5th 
cycles, however, were somewhat pro- 
longed, and the 6th one divided into 
two broods, approximately equal in 
size, one of which segmented 24 hours 
later than the original one. Such partial 
delays in reproduction often occur nor- 
mally and can usually be correlated with 
the parasitological crisis which is associ- 
ated with acquired immunity. 

Results in treated groups A, B and C 
(fig. 7) may be summarized as follows: 

1. In general, three large doses of 
quinine at daily intervals produced 
essentially the same wide range of 
temporary, injurious effects as one dose, 
but the injuries were more marked in 
degree and extent. 

2. Quinine radically suppressed the 
parasitemia. The comparatively high 
initial parasitemia in the chickens of 
group C was due to the fact that treat- 
ment was withheld until after the first 
segmentation. 

3. Quinine injured each stage of the 
parasite and delayed its growth to vary- 
ing degrees in the chickens of each 
group. In all three groups, morphologi- 
cally degenerating forms began to appear 
6 hours after treatment, and markedly 
degenerate forms began to appear in 
12 to 18 hours. The latter forms reached 
peaks of 80 to 88% of the total popula- 
tion after three days and progressively 
decreased in number during the succeed- 
ing three days. 

4. Undoubtedly dead intracorpuscu- 
lar parasites reached peaks of 10 to 40% 
after three days, i.e., one day after the 
last dose, in all groups. They gradually 
disappeared from the blood during the 
succeeding three days. 

5. The asexual cycle was abnormally 
asynchronous in all three groups from 
the time treatment was initiated through 
1} to 2 days after it was stopped. It was 
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Fic. 7.—Effect of quinine (3 i.v. doses of 2.5 mg) on the course of parasitemia and per cent of 4 
classes of parasites in one chicken from each of groups A, B, and C inexperiment VIII. The chickens 


in group | did not receive quinine. 


In groups A, B and C in this and in figures 8 and 9, the first dose of quinine was given just before, 
during and after maximal segmentation of the first asexual cycle, respectively. 

In this and the rest of the figures (fig. 7-10), solid lines represent the parasitemia; dash lines, per 
cent of multinucleated or various stages; dot and dash lines, merozoite mean; shaded areas, markedly 
degenerate stages; and the base line is broken to indicate 36 hour intervals, i.e., the normal length of 
one asexual cycle of the parasites. In the experiments represented by these 4 figures, quinine was given 


intravenously. 


least disrupted in group A (treatment 
commenced when parasites were large) 
and was most disrupted in group C 
(treatment commenced when parasites 
were intermediate). The asynchronism 
resulted from the great variability in the 
degree to which growth in different indi- 


viduals of the population was inhibited. 
Thus, it was roughly estimated that 
growth was delayed in different individ- 
uals from several to 18 hours. These 
intervals represented a 10 to 50% 
lengthening of the asexual cycle or ap- 
proximately 20% on the average. After 
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treatment was stopped, the cycle might 
be rearranged in a manner somewhat 
similar to that which took place after 
the crisis in the control infection. For 
example, after clear-cut irregularities for 
5 days in the chickens in group C, which 
represented at least an average inhibi- 
tion of reproduction of 20%, the asexual 
cycle righted itself at the regular time 
in one chicken, was delayed 24 bours 
in the second one and in the third one, 
separated into two broods of unequal 
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size which were delayed 12 to 24 hours, 
respectively. The last mentioned infec- 
tion is shown in group C of figure 7. 
6. Merozoite means of the segmenters 
will be considered in detail later. In gen- 
eral, however, they varied from 8 to 11 
from about 12 hours after the first treat- 
ment to 24 to 48 hours after the last 
treatment in all three groups. According 
to these values, merozoite means during 
treatment with 2.5 mg were 42 to 47% 
less than normal. Such differences were 
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Fic. 8.—Effect of quinine (3 i.v. doses of 1.25 mg) on the course of parasitemia and per cent of 4 
classes of parasites in one chicken from each of groups A, B and C in experiment IX. The chicken in 
group 1 did not receive quinine. See explanation in figure 7, 
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Fic. 9.—Effect of quinine on the course of parasitemia, merozoite mean per segmenter and per cent 
of multinculeated stages as averaged from 3 chickens in 3 groups treated with 2.5 mg quinine (thin 
lines in groups A, B and C) or with 1.25 mg quinine (heavy lines in groups A, B and C) in experiments 
VIII and IX. Group 1 consisted of 4 untreated control chickens. See explanation in figure 7. 
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highly significant in this and the follow- 
ing two experiments. P for each differ- 
ence was <0.001. 

7. Quininization greatly decreased 
the number of merozoites which infected 
red cells as shown by the fact that even 
after allowing for the decrease in mero- 
zoite formation due to quinine, the in- 
creases during segmentation were minor 
compared to those in the controls. This 
finding is no doubt an aspect of injury. 

From the foregoing description, it is 
apparent that three intravenous doses 
of 2.5 mg quinine at daily intervals dur- 
ing innate immunity produced the fol- 
lowing temporary harmful effects which 
radically suppressed the parasitemia and 
which were more extensive than with 
one 2.5 mg dose although of the same 
kind. (1) They drastically inhibited 
reproduction of the parasites (60% or 
more) by retarding the growth of small 
and intermediate forms to varying de- 
grees and by causing segmenters to 
form about half as many merozoites. 
Such parasites appeared degenerate to 
varying degrees from slight to marked. 
(2) They so weakened the segmenters 
that many of the progeny were unable 
to infect red cells. (3) They killed some 
intracorpuscular parasites (peaks of 
10 to 40% on the day after the last 
dose) as indicated by extreme degenera- 
tion. (4) They were effective when com- 
menced at any stage in the asexual cycle. 

Experiment IX. Three doses of quinine 
(1.25 mg 1.v.) initiated before, during and 
after segmentation of one asexual cycle in 
the early acute rise of the infection.— 


To relate effects of quinine on the parasite as 
just described with the experiments in papers I 
and II, the same procedure used in experiment 
VIII was repeated in this experiment (table 1), 
except that the dose of quinine was reduced to a 
half. This dose, 1.25 mg per 100 g chicken, on 
three days, was found to be marginally suppres- 
sive in paper II (pp. 185-6) in that it substantially 
reduced the parasitemia and was never fatal. It 
will be designated as our standard dose hereafter 
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(cf also exp. III in this paper). The same 4 
chickens were used as controls in this experiment 
as in experiment VIII, for the two experiments 
were carried out simultaneously. 


Similar data were collected from the 9 
treated chickens in this experiment as in 
the two preceding experiments, and data 
from one chicken in each treated group 
and a control are assembled in figure 8. 

Quinine effects were less marked with 
the standard dose than with three large 
daily doses, but were more marked than 
with one large dose (cf groups A, B and 
C in fig. 7 and 8, and group A in fig. 8 
with the broken lines in fig. 6). In com- 
parison with the three large daily doses, 
the following differences occurred: (1) 
Parasitemias were higher. (2) Fewer 
parasites of all classes were markedly 
degenerate (a maximum of 20 to 45% 
of the total population, usually on the 
third day), but such forms did not disap- 
pear from the blood in a shorter time, 
i.e., they persisted for three days after 
the cessation of quinine. (3) Fewer 
intracorpuscular parasites were killed 
(1 to 15%). (4) Slightly more mero- 
zoites infected fresh red cells. (5) The 
asexual cycle was not as disorganized. 
(6) Decreases in the merozoite means 
per segmenter occurred for a shorter 
time. 


For comparative purposes, figure 9 
was constructed from data of multinu- 
cleated stages (classes 3 and 4), parasite 
counts and merozoite means from all 22 
chickens in experiments VIII and IX. 
In sections A, B and C, data from the 


three chickens in each of the three 
groups receiving the large dose (2.5 mg) 
of quinine (small dots, dashes and solid 
lines) are superimposed on data from 
the chickens receiving our standard 
dose (large dots, dashes and solid lines). 
To show rates of increase and decrease, 
averages of the parasite counts from 
each group are graphed on a semilog- 
arithmic instead of an arithmetic scale 
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as in figures 7 and 8. Data on merozoite 
means and survival and death rates for 
the first 6 asexual cycles from all 22 
chickens in experiments VIII and IX 
are further combined in table 2A as 
averages of control group 1 (4 chickens), 
groups A, B and C treated with 2.5 mg 
quinine (9 chickens) and groups A, B 
and C treated with 1.25 mg quinine (9 
chickens). Survival and death rates of 
parasites were derived from parasite 
counts as described on page 198. Columns 
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Untreated control group 1 was char- 
acterized by the following: 

1. The parasitemia was _ intense, 
reached an average peak of 21,000 on 
the third day, when three chickens died, 
and decreased in number (crisis) in the 
4th chicken. 

2. Segmentation in the asexual cycle, 
as shown by the per cent of multinu- 
cleated stages, occurred regularly every 
36 hours except for slight irregularities 
after the peak of the infection. These 


TABLE 2.—Averages of merozoite means per segmenter and of parasite survival and death rates of 
parasites every 36 hours for the first 9 days of blood-induced infection with 


P. gallinaceum from the chickens in experiments VIII and IX. 





A Control group 1 (not treated) 


Groups A, B and C (2.5 mg Q) Groups A, B and C (1.25 mg Q) 





Suc- 1 2 3 4 5 
cessive Mero- Parasite: Mero- 
36-hour zoite Per cent zoite 
periods mean* Death 


Sur- 
vival 





6 a x 9 10 11 12 
Parasite: Mero- Parasite: 


Per cent zoite er cent 
Death death 


Sur- 
Death death mean* 


vival 





5 9.9 

23 21.0 3. 
3 13.8 
22.2 
22.6 
23.1 


12.5 


16.4 1.2 
7.2 , 


7 
8 
4 


6 





Per cent decrease from group 1 





89} 
58 
43 
59 





* Standard errors were generally < 0.4. 


+ Three doses of quinine were given to groups A, B and C during this period of the infection (cf. fig. 9). 


¢ Peak of infection. 


§ The inhibition of reproduction was greater than these percentages indicate because the asexual cycle was prolonged 


(see text). 
|| Increase. 

3, 7 and 11 give absolute death rates 
and columns 4, 8 and 12 give relative 
death rates. From these data, relative 
decreases in the rate of reproduction of 
the parasites and relative increases in 
the plasmodicidal activity of quinine 
are shown in table 2B by calculating 
the per cent change in the treated groups 
as compared to untreated group 1. It 
should be noted that the effects of qui- 
nine were fully apparent during the 
second and third asexual cycles, were 
less apparent during the first and fourth 
cycles and had disappeared by the fifth 
and sixth ones. Figure 9 and table 2 
illustrate the main features of the infec- 
tions in the various groups as described 
in the following summary: 


irregularities were estimated at approxi- 
mately 2 to 6% delays per segmentation 
after the peak. 

3. The merozoite mean per segmenter 
was high (21 or more) except for a tem- 
porary decrease to 13.8 after the crisis. 
The last mentioned mean, which was ob- 
tained from the one surviving chicken, 
was as low a value as we ever obtained. 
It represented a decrease of 34% in the 
merozoite mean. Decreases of 15 to 25% 
(average of 20%) were more usual. 
The mean was also low (16.5) for the 
parasites of the first segmentation, but 
such a low value is not characteristic 
of beginning patent infections. It re- 
sulted from the fact that the parasites 
injected were from a chicken which itself 
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was undergoing a crisis. During the en- 
tire control infection, therefore, the rate 
of reproduction was high except for a 
temporary decrease of approximately 
20% in the merozoite mean after the 
crisis and slight irregularities of 2 to 
6% in the asexual cycle after the peak. 

4. As seen in table ?, the death rate 
of parasites was 40% at first, rapidly 
increased to 96% and remained above 
90% thereafter. The absolute number 
which died followed a somewhat similar 
sequence. Such high death rates in un- 
treated chickens were also found in 
experiment VII. The rapid increase in 
death rate is a reflection of the rapid 
supervention of acquired upon innate 
immunity in the chicken. These data 
indicate that 40% of the parasites were 
killed during innate immunity and an 
additional 50% or more by acquired im- 
munity. 

Treatment affected all of the fore- 
going phases of the infection and es- 
pecially the first three as follows: 

1. The parasitemia was suppressed to 
varying extents. Differences within the 
6 treated groups were probably corre- 
lated with the intensity of the infection 
at which treatment was initiated rather 
than the stage of the asexual cycle. 
Thus, at the time of treatment, para- 
sites present in groups A and B (about 
3,200 per 10,000 red cells) were more 
adequately controlled by the large than 
by the small dose, whereas the larger 
number present in group C (11,000) 
was not. 

2. The comparative regularity of the 
asexual cycle in control group 1 con- 
trasts significantly with the disorder 
of the asexual cycles in the 6 groups dur- 
ing treatment. As compared to the un- 
treated group the cycle was estimated as 
having been lengthened by approxi- 
mately 20% in the chickens receiving 
the large dose and by 15% in those 
receiving the small dose. 
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3. Each merozoite mean per seg- 
menter in figure 9 was averaged from 75 
to 100 segmenters from 3 or 4 chickens 
and gave standard errors of 0.2 to 0.4 
except when quinine was stopped (see 
below). The merozoite mean of the pop- 
ulation injected into all chickens was 
16.5 +0.2 at 9:00 a.m. before treatment. 
It decreased to 9.3 +0.4 in group A after 
12 hours contact with the large dose of 
quinine. It was further reduced to a low 
point between 7.3 and 8.7 in all treated 
chickens after two to three days and 
tended to reach this point sooner and 
stay low longer in chickens given the 
large as compared with the small dose 
of quinine. After 3 to 3} days (1 to 13 
days after the last dose of quinine) it 
began to increase. At this time, seg- 
menters varied over a wide range with 
respect to the number of merozoites 
they produced, and standard errors of 
the samples were high (0.5 to 0.7). 
This finding is correlated with vari- 
ability in injury. In a population in a 
chicken at this time, injured parasites 
had a small merozoite mean ranging 
from 3 to 14 and normal-appearing 
ones had a larger merozoite mean rang- 
ing from 16 to 32. The population 
seemed in general normal and healthy 
three days after quinine was stopped. 
Decreases in the merozoite mean 5 and 
7 days after the cessation of treatment 
were not primarily associated with 
treatment but rather with crises termi- 
nating relapses. 

The values just mentioned together 
with the ones in table 2 indicate that the 
standard dose of quinine decreased the 
merozoite mean 35 to 43% during the 
second and third asexual cycle (table 
2B) and prolonged the asexual cycle 
approximately 15% as compared to 
control group 1. These together repre- 
sented decreases of 50 to 58% in the 
rate of reproduction. The larger dose 
of quinine produced an even greater 
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decrease. Thus, a decrease in the mero- 
zoite mean of 40 to 62% (table 2B) and 
a prolongation in the asexual cycle on 
the average of at least 20% gave a total 
decrease of 60 to 82% in the rate of re- 
production. The decreases in reproduc- 
tion began to be apparent in 9 hours, 
continued throughout treatment and 
persisted for at least 24 hours after 
quinine had disappeared from the blood. 

4. Quinine killed an appreciable ad- 
ditional increment of the population 
during innate immunity as may be seen 
by the absolute (first asexual cycle) and 
relative values (first and second cycles) 
in table 2A and B. The death rates in 
this table do not show the greater killing 
effect of the large over the standard 
dose of quinine or of the additional rela- 
tive killing effect of quinine over ac- 
quired immunity as established by find- 
ing certain proportions of dead parasites 
in blood films. These failures are prob- 
ably associated with various complica- 
tions, such as differences in individual 
chickens, unavoidable inaccuracies in 
obtaining death rates, asynchronism of 
the parasite, the persistence of mori- 
bund parasites in the blood of quinine- 
treated chickens, etc. 

From the preceding analysis, it may 
be concluded that both immunity and 
quinine inhibited reproduction of the 
parasites and killed them. On the one 
hand, however, innate and acquired 
immunity were mainly parasiticidal 
(killed 40% at first and over 90% there- 
after) and only decreased reproduction 
temporarily at the crisis by decreasing 
the merozoite mean 20%, rarely 35%, 
and slightly delaying the asexual cycle 
2-6%. On the other hand, the main 


effect of quinine was to inhibit repro- 
duction 50% or more whenever it oc- 
curred in apyreciable amounts in the 
blood although the full effect lagged by 
12 to 24 hours. Quinine also killed ap- 
preciable numbers of parasites, espe- 
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cially during innate immunity, but this 
action was subsidiary to its reproduc- 
tion-inhibiting effect and to the para- 
siticidal action of immunity. 

Comparison of the various intrave- 
nous doses of quinine given while in- 
nate immunity was operating (fig. 6-9) 
indicate that one large intravenous dose 
of quinine prolonged one asexual cycle, 
reduced the merozoite mean slightly, 
caused some parasites to degenerate 
markedly, and killed a very few para- 
sites, whereas three large or moderate 
sized intravenous ones carried the tem- 
porary injury further by causing such 
extensive and marked degeneration 
that reproduction was markedly in- 
hibited, progeny were less viable and ap- 
preciable numbers were killed. These 
effects were studied early in the acute 
infection to avoid confusing them, as 
far as possible, with the antiplasmodial 
effects of acquired immunity. Quinine 
injured all erythrocytic stages as shown 
by a definite inhibition of growth of all 
forms and a reduction in the merozoite 
mean of segmenters after 6 to 9 hours. 

Experiment X. Three doses of quinine 
(1.25 mg 1.v.) during the late acute rise of 
sporozoite-induced infections in splenec- 
tomized and intact chickens.— 

Four groups of 4 chickens were handled as in 
experiment II in paper II. The groups were 
treated (table 1) as follows: (1) infected, (2) splen- 
ectomized and infected, (3) infected and quinin- 
ized and (4) splenectomized, infected and quin- 
inized. Infections were sporozoite-induced and 
parasites appeared in the blood on the afternoon 
of the 7th day of infection. The standard dose of 
quinine was commenced during acquired im- 
munity at a time when parasites were small and 
at the peak of the patent infection (12.5 days 
after infection and 4.5 days after parasites ap- 
peared in the blood). This time of administering 
this standard dose of quinine was essentially sim- 
ilar to that of experiment II of paper II and 
differed from that of experiment IX, group B, of 
this paper, which was started during innate im- 
munity. Splenectomy was performed on the day 
of infection. Blood films were made from the 16 
chickens daily for 6 days and at 4- to 6-hourly 
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Fic. 10.—Effect of quinine (3 i.v. doses of 1.25 mg) on the course of parasitemia, merozoite mean 
per segmenter and per cent of multinucleated stages as averaged from 4 intact chickens (group 3), and 
4 splenectomized chickens (group 4). Treatment was commenced near the peak of infection with P. 
gallinaceum when parasites were small. Group 1 consisted of 4 untreated control chickens and eroup 2 
of 4 untreated splenectomized chickens. See explanation in figure 7. 
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intervals for two weeks of the patent infection. 
The same data were collected from these chickens 
as in experiments VII through IX. 


This procedure served to integrate the 
results of the last three experiments 
with those of paper II in which quinine 
levels were ascertained. It allowed us 
to make the following comparisons of 
treated with untreated infected controls 
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table 2. Corresponding columns 1, 2 and 
3 in table 3 and 1, 3 and 4 in table 2 
show data from two infected groups 
of chickens differing only in that one 
was infected by sporozoites and the 
other by blood parasites. Corresponding 
columns 7, 8 and 9 in table 3 and 9, 11 
and 12 in table 2 show data from two 
infected groups of chickens given the 


TABLE 3.—Averages of merozoite means per segmenter and of parasite death rates of parasites every 
36 hours from the 9th through the 22nd day of sporozoite-induced infections 
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* Standard errors were generally <0.4. 


+ Three doses of quinine given to groups 2 and 4 during this period of the infection (cf. fig. 10). 


} Peak of infection. 


§ The inhibition of reproduction was greater than these percentages indicate because the asexual cycle was prolonged 


(see text). 


(group 1 in the various experiments): 
The effect of quinine on known blood 
levels during innate immunity (exp. IX, 
group B), during innate immunity with 
little acquired immunity (this exp., 
group 4), and after acquired immunity 
was superimposed upon innateimmunity 
(this exp., group 3). It also allowed us 
to evaluate the effect of reducing ac- 
quired immunity uncomplicated by 
treatment (this exp., group 2) and the 
effect of our standard dose of quinine 
during acquired immunity (this exp., 
group 3) as compared with twice as 
much quinine during innate immunity 
(exp. VIII, group B). 

Data from the 4 groups of chickens in 
experiment X are illustrated in figure 10 
and table 3 in the same manner as for 
experiments VIII and IX in figure 9 and 


same standard dose of parasites but at 
different periods of the infection. Col- 
umns 4, 5 and 6 and 10, 11 and 12 in 
table 3 show data from splenectomized 
chickens without and with the standard 
treatment, respectively. Survival rates 
were omitted from table 3 but can be 
calculated from the merozoite means 
and death rates. In table 3B, per cent 
changes due to quinine were calculated 
from groups 1 and 3, and 2 and 4, re- 
spectively. Since quinine was com- 
menced at the beginning of the third 
asexual cycle when parasites were small 
and the last dose was given midway 
during the fourth cycle, the effects of 
quinine were definitely apparent during 
the third, fourth and fifth cycles and had 
disappeared by the sixth cycle. 
Results of experiment X, as illustrated 
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in figure 10 and table 3, may be sum- 
marized as follows: 

1. Untreated control infections in 
group 1 (also infections in group 3 before 
treatment and after the effects of treat- 
ment had disappeared) were essentially 
typical with respect to the 36-hour asex- 
ual cycle, high merozoite mean except 
at two asexual cycles just after the crisis 
and high death rates after the crisis. 
Minor differences were found between 
this group and the control group of ex- 
periments VIII and IX. The para- 
sitemia was not as intense (peak of 4000) 
and the merozoite mean was neither as 
high (18.7 to 20.6) nor decreased as 
low (15.9) as in the preceding experi- 
ments. Such variations are common be- 
tween groups of chickens, but do not 
invalidate the main trend of a suppres- 
sion of the infection by acquired im- 
munity and a high rate of reproduction 
throughout the entire infection except 
just after the crisis. All parasites pro- 
duced were accounted for by the rates 
of increase during the first two asexual 
cycles (table 3A). This finding does not 
indicate that no parasites were killed, 
but, as was anticipated on page 198, is in 
our opinion associated with the un- 
measured reproduction of exoerythro- 
cytic stages in the tissues and their in- 
flux into the blood in these sporozoite- 
induced infections. One further differ- 
ence was found. When parasites were 
extremely scarce after the crisis, only 
small stages were found, i.e., multinu- 
cleated stages did not develop periodi- 
cally (not shown in the average per cent 
of multinucleated stages in fig. 10). 
This peculiarity has been reported in 
quininized chickens by Lewert (1948). 
We attribute the condition to the con- 
tinuous liberation into the blood of a 
few exoerythrocytic stages which fail to 
develop into normal erythrocytic stages 
because the latter are acted upon by 
quinine (Lewert, 1948) or acquired im- 
munity (this experiment). 
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2. Treated infections in group 3 dif- 
fered from control group 1 as had group 
B in experiment IX with respect to a re- 
duction of the parasitemia, variable de- 
generative ir uries in the parasites, a 
disruption ot the asexual cycle and a 
decrease in the merozoite mean. During 
the maximal effect of quinine, the mero- 
zoite mean decreased 36 to 43% (table 
3B) as in experiment IX. The death 
rates, however, did not increase (table 
3B), possibly because quinine was com- 
menced when the death rate from ac- 
quired immunity was high and exo- 
erythrocytic schizogony was present. 

3. Splenectomy (group 2), as in paper 
II, intensified the parasitemia in both 
treated and untreated chickens, but did 
not alter the temporary inhibition of 
reproduction or the slight partial delay 
in the asexual cycle characteristic of 
infection in intact chickens (cf group 2 
with 1 and 4 with 3 in fig. 10). The 
similarities in these groups were unex- 
pected inasmuch as slight decreases in 
the merozoite mean and slight disar- 
rangements of the asexual cycle after 
the peak of the infection led us previ- 
ously (W. H. and L. G. Taliaferro, 1944 
and 1947, and W. H. Taliaferro, 1948a) 
to suggest that the rate of reproduction 
is temporarily decreased at the crisis 
because of acquired immunity. It may 
be that some acquired immunity had 
developed in the splenectomized chick- 
ens. Should the decrease not be associ- 
ated with acquired immunity, it will 
probably have to be ascribed to innate 
immunity as broadly defined (see Talia- 
ferro, 1948b). 

4. Splenectomy (group 4) did not in 
any way decrease the effects of quinine 
(group 3). 

Briefly, it may be stated that our 
standard dose of quinine, which gavea 
total 5-hour concentration in the blood 
of 10 to 18 mg/L blood on three suc- 
cessive days (paper II, especially table 
3, for this and other quinine blood levels) , 
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temporarily injured the majority of 
parasites, inhibited their reproduction 
by about half and killed from 1 to 15% 
of them whether or not acquired im- 
munity was superimposed on innate im- 
munity and whether or not the chickens 
were intact or splenectomized. Further- 
more, the analysis in this and the pre- 
ceding three experiments justify the 
conclusion that quinine and immunity 
act independently and that they inhibit 
reproduction and kill the parasites to 
different measurable degrees. 
DISCUSSION 

1. The action of quinine on P. gallina- 
Several lines of evidence, in- 
cluding the first 6 experiments in the 
present paper, indicate that quinine acts 
as such on the parasite and is not me- 
tabolized into a more active form in vivo. 
The idea that drugs may be transformed 
in the body was stressed by Ehrlich in 
1909. He emphasized the reduction in 
vivo of the comparatively inactive pen- 
tavalent arsenicals to the highly active 
trivalent compounds. Such transforma- 
tions were later almost automatically 
ascribed to the reticulo-endothelial sys- 
tem. Aside from the pentavalent arseni- 
cals, chlorguanide (=paludrine) may 
also be transformed in vivo (Hawking, 
1947), but probably the majority of 
drugs, including the sulfonamides, act 
as such in the body (see reviews in 
Marshall, 1941; Henry, 1943; and Mc- 
Ilwain, 1944). With regard to quinine, 
early workers assumed that the drug 
acted directly on plasmodia. Then, 


ceum.- 


largely because of the inability to make 
blood noninfectious by treatment with 
quinine in vitro except with concen- 


trations much higher than those in 
in blood, many investigators assumed 
either that quinine acts indirectly or is 
transformed in the body to a more ac- 
tive metabolic product. Later, most in- 


vestigators, as for example Nauck and 
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Malamos (1936), Findlay (1939), Mar- 
shall (review in 1942), Hewitt and 
Richardson (1943, for original work and 
a review of the literature) and Black 
(1946), returned to the original idea. 

The view that quinine acts directly 
is supported by the demonstration that 
quinine acts on plasmodia in vitro in 
concentrations similar to those attained 
in vivo. As a base line for considering 
the comparative activity of quinine in 
vivo and in vitro, it should be noted 
that in our experiments in paper II, 
immediately after the intravenous injec- 
tion of 1.25 or 1.5 mg of quinine/100 g 
chicken, the blood concentration varied 
from approximately 1.7 to 3.310-—M. 
These values decreased in 1 hour to 
approximately 1 to 1.4X10-°M (see 
also the values in Kelsey, Oldham and 
Geiling, 1943 and 1945). 

Ball (1946) in a his associates found 
that quinine in a concentration of ap- 
proximately 3X10-°M produces the 
same retardation of the asexual cycle 
and the same morphological changes in 
vitro in P. knowlesi as in monkeys with 
the same order of blood quinine concen- 
tration. Earlier, Bass (1922) reported 
similar findings for P. falciparum but, 
in figuring the parallelism between ther- 
apeutic doses in man, he assumed that 
the total dose of quinine was retained in 
the blood and used a concentration of 
quinine of approximately 10-*M in his 
cultures. 

The direct action of quinine without 
the complication of acquired immunity 
was studied in an ingenious manner by 
Black (1946). This investigator sub- 
jected small falciparum parasites in 
vitro at 37 C to serum from nonmalari- 
ous patients who had been given quinine. 
The serum contained concentrations 
ranging from 1.8 to 2.7X10-°M. In 3 
of 4 such cultures, parasites were ar- 
rested in their growth and degenerated 
without completing segmentation, and, 
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in the 4th culture, segmentation was 
completed but resulted in fewer progeny. 

Fulton and Christophers (1938) 
showed that quinine inhibits the oxygen 
consumption of malarial parasites in 
vitro, and their results have been con- 
firmed by several other workers (for a 
review, see Moulder, 1948a). Working 
with P. gallinaceum, Silverman et al. 
(1944) observed a definite decrease in 
the oxygen consumption of parasitized 
erythrocytes metabolizing glucose in vi- 
tro when quinine was added in concen- 
trations approximating 10° M. Recently, 
Moulder (1948b and c) has found that 
parasites from quinine-treated chickens 
exhibit metabolic alterations qualita- 
tively similar to those produced by com- 
parable levels of quinine acting in vitro. 
These results suggest that quinine in- 
hibits the metabolism of P. gallinaceum 
in the same manner both in vivo and in 
vitro and, therefore, support the view 
that quinine acts directly upon the para- 
sites. 

Lack of evidence of the existence of 
any quinine metabolite with a greater 
degree of activity than the parent com- 
pound also supports the conclusion that 
quinine itself is the active antimalarial 
agent. The degradation product of qui- 
nine formed by the liver and described 
by Kelsey et al. (1944) and Mead and 
Koepfli (1944) is less active than qui- 
nine itself. Thus, Kelsey et al. (1946) re- 
ported that intravenous doses of 4 to 
7 mg/100g/day of the degradation prod- 
uct suppressed P. gallinaceum to about 
the same extent as 1.5 mg quinine/100 
g/day. P. B. Marshall (1945) found that 
the degradation product has no anti- 
malarial activity when given orally. 

Furthermore, it should be kept in 
mind that proof that a certain concen- 
tration of quinine is more effective in 
vivo than in vitro need not necessarily 
indicate that the drug is not acting di- 
rectly. Such a disparity may be due to 
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the adjuvant activity of certain anti- 
plasmodial factors in the body such as 
acquired immunity. 

In agreement with all other recent 
workers on the subject (see Hewitt and 
Richardson, 1943, L. G. Taliaferro et al., 
1944, and Black, 1946, for a literature 
review and additional data), we found 
that quinine (1) markedly inhibits asex- 
ual reproduction and (2) produces 
cytological abnormalities in the para- 
site. The consensus seems to be that 
other drugs act similarly on malaria (cf 
references above and Clarke and Theiler 
1948) and that many antibiotics(Waks- 
man, 1945) and the sulfonamides (see re- 
view in Marshall, 1941 and 1942, and 
Henry, 1943) also act by inhibiting 
growth and multiplication of bacteria. 

These changes were analyzed further 
in experiments VII through X (1) with 
our standard marginally suppressive 
dose of quinine (1.25 mg/100 g chicken 
on three days) during innate and ac- 
quired immunity as well as in splenec- 
tomized animals and (2) with this same 
and other doses at three stages in one 
asexual cycle during innate immunity. 
We found that quinine injured all stages 
of the erythrocytic parasite, which is in 
accord with the high correlation be- 
tween quinine injury in vitro and size of 
the parasite as reported by Silverman 
et al (1944). The observed cytological 
injury is, however, necessarily depend- 
ent upon the stage of the parasite when 
subjected to quinine. We also found that 
a given dose injured parasites to varying 
degrees in different chickens or even in 
the same chicken. 

The cumulative injury caused by our 
standard dose led to the inhibition of 
reproduction of the parasites as evi- 
denced by a lengthening of the asexual 
cycle (10 to 50%) and reduction in the 
number of merozoites (36 to 43%) and 
eventually to the death of some para- 
sites (1 to 15%). These effects were evi- 
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dent from about 12 hours after the first 
dose through 24 hours after the last 
dose. They were also over and above the 
action of both innate and acquired im- 
munity. Doubling the standard dose of 
quinine somewhat lengthened the asex- 
ual cycle, reduced the number of mero- 
zoites formed and increased the parasiti- 
cidal action by causing more marked 
degeneration and more death over the 
same length of time. From these data, 
there seems little question that quinine 
primarily inhibits reproduction of ery- 
throcytic parasites. Even when the death 
of parasites approaches 100%, much of 
it is due to immunity as many parasites 
died in untreated infections (table 2, 
columns 3 and 4 and table 3 columns 2 
and 3) and, in any case, could never 
exceed the importance of preventing 
half or more of the expected population 
from being produced. Both effects, how- 
ever, seem to be associated with injury 
to the parasite. The merging of the in- 
hibition of reproduction into death of 
parasites is probably an expression of a 
progressive lowering of the metabolic 
processes and closely resembles condi- 
tions resulting from immunity in infec- 
tions in the rat of the nematode, Nip- 
postrongylus muris, but not of Trypano- 
soma lewist (Taliaferro, 1948a). 

After microbial reproduction has been 
inhibited, the invaders or their remains 
are undoubtedly eventually removed by 
the host’s defense mechanisms. There 
is, however, considerable difference of 
opinion as to whether the host’s de- 
fenses, such as phagocytosis, are sec- 
ondary and act only on dead or seri- 
ously injured parasites or are primary 
and act on organisms that may recover 
from the action of the drug. In agree- 
ment with the latter view, some work- 
ers believe that organisms whose repro- 
duction has been inhibited become more 
susceptible to phagocytosis and other 
defense mechanisms and that this re- 
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moval of parasites is of importance in 
arresting the infection under treatment. 
In malaria, this sequence is highly doubt- 
ful. Quininized parasites are undoubt- 
edly removed by the macrophages either 
before or after disintegration, but are 
removed more slowly than normal ones. 
For example, according to L. G. Talia- 
ferro et al. (1944), an almost completely 
degenerating population remains essen- 
tially stationary in number in the blood 
for 2} days (their fig. 9 and 10), while an 
untreated population is partially re- 
moved from the blood as it grows. Nor 
can it be argued that the injured para- 
sites are taken out and replaced by 
normal parasites because normal para- 
sites were extremely rare with the large 
doses of quinine they used. With the 
doses we used, damaged parasites also 
remained in the blood for several days 
and were not removed appreciably 
faster by larger than by smaller doses. 
Moreover, the number removed in 
treated chickens in our experiments was 
absolutely fewer than in untreated chick- 
ens. The factor involved in the retention 
of quininized parasites in the blood is 
unknown. It may be _ provisionally 
suggested that injured parasites do not 
stimulate phagocytosis by giving off 
as many metabolic products or by in- 
juring the red cells as much as normal 
parasites. The persistence of injured or 
dead parasites substantiates the con- 
clusion reached in paper I that the 
macrophages are not stimulated to 
phagocytose quininized parasites or 
parasitized red cells (cf. results on the 
phagocytosis of pneumococci during 
penicillin treatment by Skinsnes, 1948). 

In this connection, it is interesting 
that Ehrlich (1909) believed that para- 
sites, after their reproduction is inhibit- 
ed, die at the end of their life span and 
did not postulate that they might be- 
come more susceptible to the defense 
mechanisms of the host. For example, he 
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believed that trypanosomes are so short- 
lived that inhibition of reproduction is 
equivalent to sterilizing the host. Try- 
panosoma lewisi, however, after being 
completely inhibited from reproducing 
by ablastin (Taliaferro, 1924 and review 
in 1948a) remains in the blood of the 
rat for weeks or months without being 
phagocytosed. Eventual removal of the 
trypanosomes, though assumed to be due 
to nonspecific phagocytosis by Regen- 
danz and Kikuth (1927) and Regen- 
danz (1932), can be correlated with the 
supervention of specific trypanocidal 
antibodies, as demonstrated by Coven- 
try (1930) and the senior author (1932 
and 1938). 

2. The action of acquired immunity on 
P. gallinaceum.—Experimental results 
presented in this and the two preceding 
papers are in agreement with previous 
studies on various organisms in demon- 
strating that many chemotherapeutic 
agents are apparently not as effective 
in splenectomized animals as in those 
with an intact spleen (reviews in Linton, 
1929; Jungeblut, 1930; Jungeblut and 
McGinn, 1930; Jaffé, 1938; and Maher, 
1944). Actually, however, in our experi- 
ments, not only were quinine blood 
levels higher in splenectomized than in 
intact chickens throughout the time 
quinine was disappearing but the drug 
remained in the blood for a longer period 
and the parasites were more injured 
(exp. VI). Quinine, therefore, is more 
efficacious in splenectomized than in in- 
tact chickens, but appears to be less 
effective because the markedly reduced 
adjuvant action of acquired immunity 
more than offsets the higher quinine 
activity. Provided, as seems probable, 
significant drug-parasite contact is made 
in the blood, these findings do not sup- 
port Kritschewski’s (1927a) idea on the 
action of drugs on trypanosomes. He 
believed that the drug is more quickly 
eliminated from splenectomized or 
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blockaded animals, and hence has less 
contact with the parasites. It may be 
concluded, therefore, that the spleen 
only affects the activity of quinine by 
decreasing drug-parasite contact. We 
have found no way in which the spleen 
or that part of the lymphoid-macro- 
phage system which it contains increases 
chemotherapeutic action. 

The spleen adds the independent but 
important antiplasmodial factor of ac- 
quired immunity (cf. the immunosyner- 
gistic action with various trypanocidal 
drugs of Bovet, 1933) as evidenced by 
the following observations: (1) Splenec- 
tomy increased the death rate and para- 
sitemia of chickens receiving no quinine 
to about the same degree as it did of 
treated chickens (exp. I, paper I). (2) 
The spleen and quinine were each effec- 
tive during the virtual absence of the 
other (first 9 days of exp. IV and a few 
nonfatal infections in group 1 of various 
experiments). (3) Each acted in a pre- 
dominantly different fashion as shown 
by the work of Lourie (1934b), experi- 
ments III through VI in paper I and ex- 
periments VII through X in the present 
paper. (4) None of the suggested mech- 
anisms whereby the spleen or reticulo- 
endothelial system is supposed to take 
an integral part in chemotherapy holds 
for the quinine treatment of malaria. 

That the spleen and lymphoid-macro- 
phage system add the antiplasmodial 
factor of acquired but not of innate im- 
munity is based upon the following data: 
In splenectomized as compared to nor- 
mal chickens, there was no decrease in 
the length of the incubation period and 
no increase in the merozoite mean or 
rate of parasite rise during the early 
acute infection when innate immunity 
is operating, whereas the crisis failed to 
materialize or was so ineffective that the 
parasitemia continued high, and intense 
relapses frequently occurred at a time 
when acquired immunity is normally 
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superimposed on innate immunity (pa- 
pers I and II). 

The action of immunity on the para- 
site (see control groups in exp. VII—X) 
is mainly parasiticidal as evidenced by 
the large number of parasites that dis- 
appeared during innate immunity and 
particularly after acquired immunity 
was superimposed on innate immunity. 
Immunity also inhibited the rate of 
reproduction temporarily during the 
parasitological crisis as shown by a 
temporary decrease in the merozoite 
mean and sometimes by a slight length- 
ening of the asexual cycle. 

The adjuvant action of acquired im- 
munity can be increased, as shown by a 
prior infection of P. lophurae in experi- 
ment IV of paper II, and is utilized in 
various combined drug-antibody or 
drug-vaccine therapies (cf., Fleming, 
1939; Powell and Jamieson, 1939; Buck 
and Schnitzer, 1944; Browning and Cal- 
ver, 1947 and references in Harrison, 
1946). Just as splenectomy did not 
appreciably affect innate immunity, the 
nonspecific activation of the lymphoid- 
macrophage system by injecting sheep 
serum did not enhance the suppressive 
action of quinine as shown in experi- 
ment V of paper II. 

The relegation of the activity of the 
spleen chiefly to the auxiliary role of 
supplying an added factor of acquired 
immunity does not lessen its importance 
(cf. Maxcy, 1931). Thus, intense relapses 
followed the cessation of treatment 
when initial infections were so sup- 
pressed that little if any immunity was 
acquired (exp. IV), but not when ac- 
quired immunity was allowed time to 
develop (exp. V). These experiments 
illustrate the disadvantage of pushing a 
suppressive drug to the point at which 
insufficient antigen is absorbed to give 
appreciable degrees of acquired im- 
munity (cf Sinton, 1939, for malaria; 
and Harrison, 1946, for experimental 
pneumonia) and of decreasing the 
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auxiliary action of immunity by sple- 
nectomy (papers I and II of this series) 
or by protein depletion (Skinsnes and 
Woolridge, 1948 and Skinsnes, 1948). 
The prevention of immunization by 
quinine treatment varies with the species 
of parasite as is shown by a comparison 
of our results on P. gallinaceum with 
Lourie’s (1934a) results on P. cathe- 
mertum. 

3. General considerations.—Conclu- 
sions reached in the present papers can 
be applied in toto only to the specific 
parasite, host and drug studied. Further- 
more, they appertain only to the 
erythrocytic and not the exoerythro- 
cytic stage of the parasite. Nevertheless, 
they may be partly applicable to quinine 
treatment of other malarial infections, 
including those of man (cf. Corradetti, 
1940). When the adjuvant action of 
acquired immunity is considered, it 
must be borne in mind that acquired 
immunity has a more rapid onset in 
avian than in many primate malarias. 
A priori, it seems probable that the 
antimalarial factor of acquired immuni- 
ty is absent during early treatment of 
initial malarias of man. Even so, ac- 
quired immunity has to supervene 
eventually if relapses are to be avoided 
on cessation of treatment of all non- 
curative drugs. Furthermore, if sple- 
nectomy in man and other primates 
lowers innate immunity as it does in the 
mouse infected with Trypanosoma dut- 
toni (Taliaferro and Pavlinova, 1936), 
the spleen may play an important ad- 
ditive role during innate as well as ac- 
quired immunity. 

Regardless of the applicability of the 
present conclusions to other malarial 
infections under quinine treatment, 
they will undoubtedly have to be modi- 
fied for other chemotherapeutic agents 
including other antimalarials. Thus, 
chlorquanide is apparently transformed 
into a more active compound within the 
body (Hawking, 1947). If such a meta- 
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bolic product can be associated with the 
reticulo-endothelial or the lymphoid- 
macrophage system, the spleen would 
then have a chemotherapeutic as well 
as an immunological function. The 
unusual curative effect of the 8-amino 
quinolines (pamaquin, pentaquine, etc.) 
taken in conjunction with their potenti- 
ation with quinine is also suggestive of a 
different mechanism of action in which 
the spleen may play an essential role. 

Most authors relate the effect of 
splenectomy on chemotherapy to the 
cells of the reticulo-endothelial system, 
i.e., the macrophages, which the spleen 
contains. If, however, the role of the 
spleen in chemotherapy is associated 
with defense against malaria, it would 
seem necessary to consider the cells of 
the larger lymphoid-macrophage system, 
i.e., Macrophages, lymphocytes, mono- 
cytes and various transitional 
between agranulocytes and macro- 
phages. Thus, the senior author and 
Mulligan (1937) found that most of the 
new macrophages mobilized in malarial 
defense arise by the heteroplastic trans- 
formation of lymphocytes, i.e., they 
develop from lymphocytes either direct- 
ly or after passing through a monocyte 
stage. In addition, cells of the lymphoid- 
macrophage system probably produce 
antibodies. Thus, various authors, work- 
ing on other infections or with nonliving 
antigens, have supposed that macro- 
phages are the source of antibodies and, 
recently, several investigators believe 
that lymphocytes either alone or in 
conjunction with macrophages and heter- 
ophils may form antibodies (see especial- 
ly Ehrich and Harris, 1945 and White 
and Dougherty, 1946). 


cells 


CONCLUSIONS 


The results in this and the previous 
papers of this series indicate that three 
antimalarial factors operate independ- 
ently during the quinine treatment of 
malaria, viz, (1) innate immunity, (2) 
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acquired immunity and (3) quinine. In 
the present paper, the action of these 
antimalarial factors was studied, as far 
as possible, alone and in various com- 
binations. Innate immunity was studied 
during the early part of infections in- 
duced with large numbers of blood 
stages, and innate and acquired im- 
munity were studied in _ sporozoite- 
induced infections in splenectomized 
and nonsplenectomized animals. With 
these results as base lines, the combined 
action of quinine and innate immunity 
or of quinine and innate and acquired 
immunity were studied by varying the 
time of quinine administration. This 
experimental attack led to the following 
results and conclusions: 

During innate immunity in untreated 
normal and splenectomized chickens, 
the rate of reproduction was high, i.e., 
parasites grew and usually produced an 
average of 20 to 23 progeny more or less 
synchronously every 36 hours, but large 
numbers of parasites (about 40%) died 
(controls early in the infection in exp.‘ 
VII-X). This death was associated with 
phagocytosis by macrophages, especial- 
ly in the spleen and liver (cf. paper I). 

When acquired immunity was super- 
imposed on innate immunity in un- 
treated normal and_ splenectomized 
chickens, the rate of reproduction was 
as high or almost as high as during in- 
nate immunity except temporarily at 
the parasitological crisis, but even more 
parasites (90 to 99%) died (controls 
after several days in exp. VIII—X). This 
death was also associated with phago- 
cytosis (cf. paper I). Innate and acquired 
immunity, therefore, mainly acted on 
the parasites by killing them. 

When quinine was given before in- 
fection, its antiplasmodial activity per- 
sisted as long as it remained in high 
concentrations in the blood (cf. paper I1) 
Thus, the acute rise of a test infection 
was delayed one day after 30 mg/100 g 
chicken per os, 5 hours after 3 mg/100 g 
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chicken intravenously and one half an 
hour after 1.25 mg/100 g chicken 
intravenously (exp. I-III). This last 
mentioned amount on three days was 
our so-called standard treatment. The 
activity of quinine was similarly demon- 
strated by a test superinfection (exp. 
IV). These data, as well as experiment 
VI and various experiments by others, 
support the view that quinine acts 
directly on the parasite without meta- 
bolic transformation. 

Our standard dose of quinine reached 
a total concentration of approximately 
10 to 18 mg/L blood for 5 hours on three 
successive days (paper II). Its effects 
were evident after several hours, pro- 
gressively increased for as long as it 
was given, reached a maximum 12 to 24 
hours after the last dose and gradually 
decreased during the following three 
days. This dose acted as follows: (1) It 
stunted all erythrocytic stages (small, 
medium and multinucleated) of the 
parasite. (2) The stunting of parasites 
was accompanied by an inhibition of 
growth and reproduction as shown by 
(a) an abnormal asynchronism of the 
asexual cycle that amounted to an 
average delay of several to 18 hours and 
(b) a reduction in the number of progeny 
formed. These two together reduced 
reproduction to a half or more, as long 
as quinine was maximally effective. (3) It 
caused morphological degeneration of 
parasites to varying degrees. (4) De- 
generation advanced to such an extent 
that some parasites died. This death of 
parasites was added to that of immuni- 
ty, but because fewer parasites were 
formed, fewer parasites in absolute 
numbers were killed in treated than in 
untreated chickens. (4) Quinine did not 
injure all the population to an equal 
extent in a given chicken or in a series of 
chickens. (5) When given as acquired 


immunity was being superimposed on 
innate immunity (exp. X), it acted as 
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when given during innate immunity. 
(6) It acted similarly in splenectomized 
chickens (exp. X). 

One larger intravenous dose was less 
effective for a shorter time (exp. VII), 
and three large intravenous doses (2.5 
mg/100 g chicken) were more effective 
(exp. VIII) than the standard dose for 
about the same length of time. Quinine, 
therefore, mainly inhibited reproduction 
of the parasites. 

These results do not substantiate the 
assumption that quinine is converted in 
vivo into a more active product or the 
further assumption that the drug makes 
the parasites more vulnerable to phago- 
cytosis or to any other defense mecha- 
nism by inhibiting their reproduction. It 
is true that quinine inhibited reproduc- 
tion of the parasites, but such parasites 
persisted abnormally long in the blood 
and hence were not phagocytosed more 
avidly. 

The spleen played two antagonistic 
roles during quinine therapy in that (1) 
it reduced the suppressive effect of 
quinine by decreasing drug-parasite 
contact (exp. VI) and (2) it increased 
the suppressive effect of acquired (but 
not of innate) immunity (exp. X). 

The independent antiplasmodial ac- 
tion of acquired immunity and quinine 
is indicated in this and the preceding 
two papers by the following: (1) Each 
acted in the absence of the other (treated 
test chickens in exp. IV and untreated 
chickens in group 1, especially of exp. 
VIII-—X). (2) Splenectomy increased the 
relative death rate and parasitemia due 
to Plasmodium gallinaceum equally in 
treated and untreated chickens (exp. I 
in paper I). (3) Quinine decreased the 
relative death rate and parasitemia 
equally in splenectomized and in intact 
chickens (exp. I in paper I). (4) Acquired 
immunity predominantly killed para- 
sites and quinine predominantly in- 
hibited their reproduction. (5) Sple- 
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nectomy increased quinine efficacy by 
increasing the quinine blood level but 
decreased acquired immunity. 

Acquired immunity, although an 
auxiliary to quinine treatment, was 
highly important in supplementing the 
suppressive action of quinine and espe- 
cially in preventing severe or fatal re- 
lapses after the drug was discontinued 
(cf. groups 1 and 2 in exp. I and II of 
papers I and II). When the blood in- 
fection was almost completely sup- 
pressed by intense quininization, little 
if any immunity was acquired, and 
intense relapses occurred after treat- 
ment was stopped (exp. V). Thus, ac- 
quired immunity was not necessary for 
the efficient action of the drug, but was 
necessary to prevent relapses after the 
drug was stopped. 


REFERENCES 


Ball, E. G. 1946, Federation Proc. (Balto.). 5: 
397-399. 

Bass, C. C. 1922, Am. J. Trop. Med. 2: 289- 
292. 

Benn, V. A. and Cooper, G. A. 1931, J. Pharmacol. 
& Exper. Therap. 42: 254-255. 

Black, R. H. 1946, Tr. Roy. Soc. Trop. Med. & 
Hyg. 40: 169-170. 

Bovet, D. 1933, Rev. Suisse Zool. 40: 227-235. 

Boyd, G. H. 1939, Am. J. Hyg. 29C: 119-129. 

Boyd, G. H. and Allen, L. H. 1934, Am. J. Hyg. 
20: 73-83. 

Boyd, G. H. and Gilkerson, S. W. 1942, Am. J. 
Hyg. 36: 1-S. 

Brodie, B. B. and Udenfried, S. 1943, J. Pharm- 
acol. & Exper. Therap. 78: 154-158. 

Browning, P. and Calver, K. M. 1947, J. Path. & 
Bact. 59: 417-423. 

Buchsbaum, R. and Loosli, C. G. 1936, Methods 
of Tissue Culture in Vitro and Outlines of 
Histological Methods, Univ. of Chicago Press. 

Buck, M. and Schnitzer, R. J. 1944, Arch. 
Biochem. 5: 153-155. 

Bunting, C. H., Tatum, A. L. and Pfeiffer, C. C. 
1935, Tr. Asscn. Am. Physicians. 50: 253-256. 

Cannon, P. R. and Taliaferro, W. H. 1931, J. 
Prevent. Med. 5: 37-64. 

Clarke, D. H. and Theiler, M. 1948, J. Infect. 
Dis. 48: 138-162. 

Coggeshall, L. T. 1938, Am. J. Hyg. 27: 615-618. 

Corradetti, A. 1940, Riv. Parassitol. 4: 125-130. 


219 


Coventry, F. A. 1930, Am. J. Hyg. 12: 366-380. 

Downs, W. G. 1947 Am. J. Hyg. 46: 41-44. 

Dubois, A. and Kohn, I. 1940, Ann. Soc. belge 
de Méd. Trop. 20: 51-56. 

Ehrich, W. E. and Harris, T. N. 1945, Science 
101: 28-31. 

Ehrlich, P. 1909, Zeitschr. Arztl. Fortbildung 6: 
721-733. 

Feldt, A. 1929, Centralbl. Bakt. 1 Abt. Orig. 110, 
Beih. 228-232. 

Findlay, G. M. 1939, Recent Advances in Chemo- 
therapy, London. 

Fleming, A. 1939, Proc. Roy. Soc. Med. 32: 911- 
920. 

Fulton, J. D. and Christophers, S. R. 1938, Ann. 
Trop. Med. Parasitol. 32: 77-93. 

Gingrich, W. D. 1941, J. Infect. Dis. 68: 37-45. 

Harrison, P. E. 1946, J. Infect. Dis. 79: 101-130. 

Hartman, E. 1927, Am. J. Hyg. 7: 407-432. 

Hawking, F. 1947, Nature. 159: 409. 

Henry, R. J. 1943, J. Bact. 7: 175-262. 

. 1944, The Mode of Action of Sulfona- 
mides. Josiah Macy Jr. Foundation Review 
Series, vol. 2, no. 1. 

Hewitt, R. I. and Richardson, A. P. 1943, J. 
Infect. Dis. 73: 1-11. 

Jaffé, R. H. 1938, in Downey, H., Handbook of 
Hematology. 2: 973-1272. 

Jancsé6, N. v. 1928, Ztschr. Exper. Med. 61: 63- 
92. 

Jancsé6, N. v. and Jancsé6, H. v. 1934, Centralbl. 
f. Bakt. 1 Abt. Orig. 132: 257-292. 

. 1935, Ztschr. f. Immuntitsforsch. u. 
exper. Therap. 84: 471-504. 

Jimenez de Asua, F. and Kuhn, M. J. 1928, 
Compt. rend. Soc. de biol. 99: 242 and 1414—- 
1416. 

Jungeblut, C. W. 1927, Ztschr. f. Hyg. 107: 357- 
379. 

. 1930, Ergebn. d. Hyg., Bakt., Immun- 
itatsforsch. u. exper. Therap. 11: 1-67. 

Jungeblut C. W. and McGinn, B. R. 1930, J. 
Exper. Med. 51: 5-14. 

Kelsey, F. E. and Geiling, E. M. K. 1942, J. 
Pharmacol. & Exper. Therap. 75: 183-186. 
Kelsey, F. E., Geiling, E. M. K., Oldham, F. K. 
and Dearborn, E. H. 1944, J. Pharmacol. & 

Exper. Therap. 80: 391-392. 

Kelsey, F. E., Oldham, F. K., Cantrell, W. and 
Geiling, E. M. K. 1946, Nature. 157: 440. 

Kelsey, F. E., Oldham, F. K. and Geiling, 
E. M. K. 1943, J. Pharmacol. & Exper. Therap. 
78: 314-319. 

. 1945, J. Pharmacol. & Exper. Therap. 
85: 170-175. 

Krishnan, K. ‘V., 1933, Indian J. M. Research. 
21: 331-342. 














220 


Krishnan, K. V., Smith, R. O. A. and Lal, C. 
1933, Indian J. M. Research. 21: 343-352. 
Kritschewski, I. L. 1927a, Centralbl. Bakt. 1 

Abt. Orig. Beih. 104: 214-218. 

———, 1927b, Ztschr. f. Immunititsforsch. u. 
exper. Therap. 53: 506-531. : 

-——, 1928, Ztschr. f. 
exper. Therap. 59: 1-16. 

Kritschewski, I. L. and Demidowa, L. W. 1934, 
Ztschr. f. Immunititsforsch. u. exper. Therap. 
84: 14-21. 

Levaditi, C. 1912, Bull. Soc. path. exot. 5: 524- 
543. 

Lewert, R. M. 1948, Am. J. Hyg. 48: 158-170. 

Linton, R. W. 1929, Arch. Path. 6: 488-501. 

Lourie, E. M. 1934a, Ann. Trop. Med. 28: 151- 
169. 

———, 1934b, Ann. Trop. Med. 28: 255-277. 

Maher, F. T. 1944, Illinois Monographs in Med. 
Sc., Urbana. 

Marshall, E. K., Jr., 1941, Ann. Rev. Physiol. 3: 
643-670. 

-, 1942, Physiol. Rev. 22: 190-204. 

Marshall, E. K., Jr. and Dearborn, E. H. 1946, 
J. Pharmacol. & Exper. Therap. 88: 187-189. 

Marshall, P. B., 1945, Nature. 156: 505-506. 

Mather, R. A. 1947, Statistical Analysis in Biol- 
ogy. New York, Interscience Publishers. 

Maxcy, K. F. 1931, Proc. Tercentenary Celebra- 
tion of Cinchona, 241-258. 

Mcllwain, H. 1944, Biol. Rev. 19: 135-149. 

Mead, J. and Koepfli, J. B. 1944, J. biol. Chem. 
154: 507-515. 

Meerson, I. S. Demidowa, L. W. 1933, 
Ztschr. f. Immunititsforsch. u. exper. Therap. 
81: 286-292. 

Moulder, J. W. 1948a, Ann. Rev. Microbiol. 2: 
101-120. 

-, 1948b, J. Infect. Dis. 83: 262-270. 
. 1948c, Personal communication. 

Nauck, E: G. and Malamos, B. 1936, 
Wehnschr. 15: 888-891. 

Oldham, F. E., Kelsey, F. E., Cantrell, W. and 
Geiling, E. M. K. 1944, J. Pharmacol. & Exper. 
Therap. 82: 349-356. 

Pfeiffer, C. C. and Tatum, A. L. 1935, J. Pharm- 
acol. & Exper. Therap. 53: 358-376. 
Powell, H. M. and Jamieson, W. A. 

Immunol. 36: 459-465. 

Regandanz, P. 1932, Ztschr. f. Immunitatsforsch. 
u. exper. Therap. 76: 437-445. 

Regandanz, P. and Kikuth, W. 1927, Centralbl. 


Immunititsforsch. u. 


and 


Klin. 


1939, J. 


WILLIAM H. TALIAFERRO AND Lucy GRAVES TALIAFERRO 


Bakt. 1 Abt. Orig. 103: 271-279. 

Russell, P. F., and Mohan, B. N. 1942. J. Exper. 
Med. 76: 477-495. 

Schlossberger, H. 1929, Centralbl. Bakt. 1 Abt. 
Orig. Beih. 110: 210-219. 

Silverman, M., Ceithaml, J., Taliaferro, L. G. 
and Evans, E. A., Jr., 1944, J. Infect. Dis. 75: 
212-230. 

Sinton, J. A. 1939, J. Malaria Inst. India. 2: 191- 
216. 

Skinsnes, O. K. 1948, J. Infect. Dis. 83: 101-115. 

Skinsnes, O. K. and Woolridge, R. L. 1948, J. 
Infect. Dis. 83: 78-86. 

Taliaferro, L. G. 1925, Am. J. Hyg. 5: 742-789. 

Taliaferro, L. G., Coulston, F. and Silverman, M. 
1944, J. Infect. Dis. 75: 179-211. 

Taliaferro, W. H. 1924, J. Exper. Med. 39: 171- 
190. 

———. 1932, Am. J. Hyg. 16: 32-84. 
—, 1938, J. Immunol. 35: 303-328. 
———. 1948a, Bact. Rev. 12: 1-17. 
————. 1948b, Malariology, Chap. 39. Ed. by 
M. F. Boyd, In press. 

———. 1948c, J. Infect. Dis. 83: 164-180. 

Taliaferro, W. H. and Cannon, P. R. 1936, J. 
Infect. Dis. 59: 72-125. 

Taliaferro W. H. and Kelsey, F. E. 
Infect. Dis. 83: 181-199. 

Taliaferro, W. H. and Kliiver, C. 1940, J. Infect. 
Dis. 67: 121-161. 

Taliaferro, W. H. and Mulligan, H. W. 1937, 
Indian Med. Research, No. 29. 

Taliaferro, W. H. and Pavlinova, Y. 
Parasitol. 22: 29-41. 

Taliaferro, W. H. and Taliaferro, L. G. 1934, Am. 
J. Hyg. 20: 1-49. 

-——, 1944, J. Infect. Dis. 75: 1-32. 
-, 1945, J. Infect. Dis. 77: 224-248. 

———, 1947, J. Infect. Dis. 80: 78-104. 

-——. 1948, J. Infect. Dis. 82: 5-30. 

Taliaferro, W. H., Taliaferro, L. G. and Kelsey, 
F. E. 1948, Fed. Proc. 7: 311. 

——, 1948, Science. 107: 460. 

Terzian, L. A. 1946, J. Infect. Dis. 79: 215-220. 

Waksman, S. A. 1947, Microbial Antagonisms 
and Antibiotic Substances. ed. 2, New York, 
The Commonwealth Fund. 

White, A. and Dougherty, T. F. 1945, Ann. New 
York Acad. Sc. 46: 859-882. 

Yorke, W. and MacFie, J. W. S. 1924, Tr. Roy. 
Soc. Trop. Med. & Hyg. 18: 13-44. 


1948, J. 


1936, J. 











CCRRECTION REMARK IN VOLUME 83, NUMBER 3, 1948 


Page Line Mistake Corrects ~ 
279 2 (author's name) Alexander ~ Alexandera 
8, column | lipromas lipomas 
29, column 1 70C 37 C 




















- Teoma B. Taouss, CM PoSncnat, ano ©. 1. Beata, Celtolar reactions in 
haemobartonella infected rate with anemia produced by anti-blood immune 


7 





